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passivation.  Most  hydrogen  is  rigidly  held,  but  some,  probably  in  -OCH3  and  -N(!1H3  defects,  undergoes 
rotation  at  room  temperature.  Similar  results  were  obtained  for  hot-filament,  microwave-plasma  and  DC 
arc-jet  films,  suggesting  a  common  surface  chemistiy,  but  no  hydrogen  was  detected  in  an  as-depositec 
"ombustion  film.  NMR  provided  the  first  quantitative  determination  of  non-diamond  bonded  carbor 
efects,  providing  a  benchmark  for  Raman  spectroscopy,  the  primary  characterization  method  for  diamond 
elective  labeling  demonstrated  heterogeneous  reactions  involving  carbon  occur  at  the  hot-filament  to 
h^ith  high-speed  magic-angle-spinmng  NMR,  CF^  (x=l-3)  functionalities  were  resolved  on  the 
urface  of  plasma-treated  diamond  powder.  Understanding  these  defects  impacts  the  understanding  of  filir  vmr 
owth  mechanisms  and  structure-property  relationships  for  CVD  diamond. 
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INTRODUCTION 


A  unique  approach  to  studying  chemical  bonding  environments  in  diamond  thin  films  on  <10  A 
scale  is  the  use  of  solid-state  nuclear  magnetic  rescmance  (NMR).  Since  conventional  surface 
science  studies  of  diamond  surfaces  are  difficult,  NMR  has  proved  particularly  valuable  for 
examining  hydrogen  on  diamond  surfaces.  Understanding  the  incorporation  of  hydrogen  into 
polycrystalline  films  may  elucidate  some  of  the  mechanisms  responsible  fen-  film  growth  and 
provide  insight  into  structure-property  relationships  for  CVD  diamond.  In  addition,  and 
nuclei  were  used  as  probes  of  diamond  defect  chemistry.  A  summary  of  these  results  and  related 
work  supported  by  this  contract  follows  below  with  details  provided  in  cc^ies  of  the  publications 
which  are  attached. 

Ihnmr 

Hydrogen  is  commonly  a  key  reactant  for  diamond  film  growth.  Using  NMR,  my  group  has 
detected  as  little  as  0.001  aL%  H  in  diamond  films.  We  have  investigated  how  deposition  and 
subsequent  thermal  treatments  alter  these  hydrogenated  defects.  Significantly,  our  NMR  measured 
hydrogen  contents  correlate  with  the  optical  absorption  of  polycrystalline  diamond  in  the  8  to  10 
micron  wavelength  infrared  region,  where  transparency  is  desired.  We  have  also  ctsrelated  the 
distribution  of  hydrogen  to  the  electrical  resistivity  and  thermal  ctmductivity  of  polycrystalline 
diamond  films.  This  latter  data  has  not  yet  been  published,  but  is  shown  below. 
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Filins  remain  intact  during  analysis  since  our  NMR  probe  was  specially  designed  to  accept  0.5 
cm  by  2.0  cm  sections  of  films  deposited  onto  silicon  or  free  standing  films  of  similar  size.  Using 
multiple  pieces  can  provide  >  100  cm^  of  single  crystalline  surface  area  per  sample.  By  not 
employing  a  conventional  NMR  sample  tube  or  rotor,  background  signal  is  minimized  and  the 
macroscopic  integrity  of  thin-rilm  samples  is  maintained.  Gas  purging  and  surface  cleaning 
procedures  were  also  developed  with  the  aim  of  minimizing  background  hydrogen  signals.  With 
the  methodology  we  have  detected  as  few  as  3.5x10^^  protons/sample,  corresponding  to  nearly 
monolayer  detection  on  a  single  crystal  surface  when  >100  cm^  of  single  crystal  surface  area 
resides  in  the  probe. 

A  typical  spectra  of  diamond  is  well  represented  by  two  components,  a  narrow  Lorentzian  and 
a  broad  Gaussian,  indicating  at  least  two  different  bonding  configurations  for  hydrogen  in 
polycrystalline  diamond.  In  CVD  diamond  with  relatively  high  hydrogen  concentrations,  often 
only  the  broad  feature  can  be  resolved.  Similar  contents  and  lineshapes  have  been  found  in  films 
produced  by  hot-filament,  microwave  plasma  and  DC  arc-jet  deposition  methods.  However,  no 
hydrogen  was  detected  by  NMR  in  the  as-deposited  combustion  film.  Thus,  the  diamond  surfaces 
and  grain  boundaries  produced  under  hot-rilament  and  combustion  chemical  vapor  deposition 
(CVD)  differ.  Exposure  to  a  hydrogen  plasma  while  holding  the  combustion-deposited  film  at  8(X) 
®C,  produces  a  significant  hydrogen  concentration  which  can  be  detected  by  NMR.  This 
concentration  is  consistent  with  the  passivation  of  grain  boundary  sites.  In  addition,  the  NMR 
spectrum  of  plasma  treated  film  exhibits  a  narrow  and  a  broad  component,  as  typically  seen  for 
hot-filament  CVD  materials.  Since  bulk  diffusivity  is  likely  to  be  slow,  the  hydrogen  plasma 
treatment  most  likely  passivates  grain  boundary  sites  in  the  film.  In  addition,  its  fast,  non¬ 
exponential  NMR  spin-lattice  relaxation  indicates  direct  communication  between  protons  and 
relaxation  centers,  suggesting  that  paramagnetic  surface  states  are  also  present  at  the  grain 
boundaries.  Since  hydrogen  atoms  are  very  mobile  in  diamond  films  at  8(X)°C,  passivation  of 
defects  containing  unpaired  elections  is  possible.  The  degree  of  such  passivation  is  expected  to 
strongly  influence  hopping  conduction  of  elections  in  diamond  films. 

A  "hole-burning"  NMR  experiment  showed  these  two  resolved  hydrogen  environments  are  in 
close  proximity.  When  a  1  kHz  wide  region,  20  kHz  from  the  center  of  the  lineshape,  was 
selectively  saturated,  uniform  attenuation  of  both  components  is  observed  after  a  2  ms  delay.  This 
indicates  rapid  dipolar  communication  occurs  between  protons  in  the  two  environments,  requiring 
intemuclear  distances  of  <5A.  At  100  K,  the  Lorentzian  component  is  broadened,  while  the 
Gaussian  component  is  not  significantly  affected.  Thus,  at  room  temperature,  the  narrow 
Lorentzian  lineshape  results  from  motional  averaging,  while  the  broad  Gaussian  line  indicates 
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rigidly  held  hydrogen.  The  mobile  groups  are  speculated  to  be  C)CH3  and  NCH3  at  grain 
boundaries,  which  also  give  rise  to  resolvable  CH  stretch  absorptions  in  the  infrared  spectra. 

The  homonuclear  broadening  resulting  from  static  distributions  of  hydrogen  bonded  in  a  rigid 
polycrystalline  lattice  can  be  calculated  by  the  van  Vleck  equation.  For  polycrystalline  diamond 
samples,  if  all  hydrogen  in  the  Gaussian  component  were  randomly  distributed  as  CH,  the 
resulting  linewidth  would  be  more  than  two  (xders  of  magnitude  smaller  than  typically  observed 
values  of  ~60  kHz.  Randomly  dispersed  CH2  groups  also  provide  too  little  homonuclear 

broadening.  These  discrepancies  indicate  locally  high  hydrogen  concentrations,  requiring 
significant  segregation  of  hydrogen  in  polycrystalline  diamond.  However,  this  analysis  cannot 
distinguish  between  isolated  small  clusters  and  larger  groupings  of  spins. 

Possible  locations  for  segregation  are  hydrogen  decorated  defects  and  voids  within  the  crystal,  a 
heavily  hydrogenated  phase  stable  at  the  deposition  temperature  or  at  the  grain  boundaries  in 
polycrystalline  diamond.  If  hydrogen  was  unifcHmly  distributed  on  a  surface,  a  density  of  3  x 
lO^^H/cm^  would  be  required  to  give  the  observed  Dni/2  =  60kHz.  This  compares  favtxably 
with  areal  densities  of  3.1x1015, 2.2xl0l5,  and  1.8xlOl5  H/cm^  for  fully  hydrogen  passivated, 
unreconstructed  <100>,  <1 10>  and  <1 1 1>  diamond  surfaces,  respectively. 

In  order  to  account  for  the  NMR  observed  bulk  hydrogen  incorporation  of  0.01  to  0.22  at.%, 
monolayer  hydrogen  coverage  of  films  composed  of  0.5  to  150  mm  cubes  is  required,  dimensions 
which  compare  favorably  to  observed  crystallite  sizes  in  CVD  films.  The  structure  of 
hydrogenated  surfaces  present  during  growth  may  resemble  those  preserved  at  grain  boundaries, 
which  would  allow  these  ^H  NMR  measurements  to  act  as  a  potential  test  of  surface  chemistry 
models  of  diamond  growth. 

The  assumption  of  a  surface  distribution  of  hydrogen  in  polycrystalline  diamond  films  is  also 
supported  by  multiple  quantum  (MQ)  NMR  studies.  Using  MQ  NMR,  up  to  20  spins  were  found 
within  a  ~20  A  radius  despite  the  very  low  (<  0.1  at%)  bulk  hydrogen  concentrations  in  these 
films.  Thus,  MQ  NMR  confirms  that  large  scale  clustering  of  hydrogen  occurs  in  CVD  diamond. 
Further  analysis  of  the  MQ  data  reveals  that  this  hydrogen  forms  a  two-dimensional  distribution, 
consistent  with  the  hypothesis  of  hydrogen  passivation  of  grain  boundaries.  Similar  MQ  data  was 
obtained  for  both  hot-filament  and  DC  arc-jet  films,  suggesting  similar  surface  chemistry  has 
occurred  in  both  types  of  reactors. 
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The  hydrogen  measurements  resulting  from  this  work  are  among  the  lowest  ever  achieved  by 
solid-state  NMR.  This  work  has  demonstrated  the  versatility  of  solid  state  NMR  and  has  shown 
general  applicability  of  NMR  for  studying  bulk  materials  and  thin  films  with  low  hydrogen 
content  This  capability  is  important,  since  hydrogen  is  an  ubiquitous  impurity  in  optoelectronic 
materials,  either  as  an  undesirable  contaminate  or  as  intentional  component,  introduced  to  passivate 
defects.  Such  measurements  are  difficult,  if  not  impossible,  by  other  techniques.  In  addition,  the 
ability  of  MQ  NMR  to  identify  the  composition  of  internal  surfaces  is  a  powerful  new  tool  for 
probing  the  surfaces  of  polycrystalline  diamond  films  and  potentially  other  polycrystalline  and 
nanocrystalline  materials. 

13c  NMR 

Our  13c  NMR  measurements  are  the  first  quantitative  determination  of  non-diamond  bonded 
carbon  defects  in  these  diamond  films,  providing  a  benchmark  for  Raman  spectroscopy,  the 
primary  tool  utilized  for  characterizing  diamond.  The  isotropic  chemical  shift  of  13c  nuclei  was 
used  to  resolve  sp^  fix>m  sp3  bonded  carbon.  Bulk  diamond  is  characterized  by  a  single  restmance 
at  36±2  ppm  relative  to  tetramethylsilane.  The  sp^  carbon  peak  generally  appears  between  120  to 
200  ppm,  with  the  lower  values  observed  for  amorphous  carbon  films,  while  soot  gives  a  peak 
centered  at  189  ppm.  The  ratio  of  sp2/sp3  bonded  carbon  is  quantitatively  determined  from  the 
ratio  of  the  integrated  area  under  the  peaks  corresponding  to  these  respective  environments  and  has 
been  experimentally  demonstrated  for  diamond  powder  and  soot  mixture  of  known  weight 
fraction. 

Unfortunately,  sp^  bonded  carbon  in  visibly  faceted  films  produced  via  hot-filament,  DC  arc-jet, 
or  microwave  plasma  CVD  is  generally  below  the  13c  NMR  detection  limit.  An  sp^  resonance  has 
been  observed  in  a  hot-filament  film  of  poor  morphology  and  no  detectable  diamond  one-phonon 
Raman  absorption.  The  static  NMR  spectra  of  this  film  intact  on  its  substrate  resolves  both  broad 
sp2  and  sp3  peaks  at  ~120  and  ~38  ppm.  The  ratio  of  the  areas  of  these  two  peaks  gives  a 
quantitative  sp2/sp3  ratio  of  0.1 1±.2,  indicating  that  ~10%  of  the  carbon  in  this  film  is  bonded  in 
an  sp2  configuration.  The  MAS  linewidth  of  the  sp3  peak  narrows  to  only  Dni/2=690  Hz, 

indicating  some  disorder  in  the  sp3  environment,  while  the  lineshape  of  the  sp^  peak  remains 
relatively  unaltered,  indicating  a  high  degree  of  disorder  in  this  phase. 

As  expected,  Raman  is  extremely  sensitive  to  sp^  bonded  carbon,  identifying  small  amounts  below 
the  detection  limit  of  the  NMR  spectrometer.  Comparison  of  the  two  techniques,  however, 
indicates  that  Raman  spectroscopy  may  be  so  sensitive  to  sp2  bonded  carbon  that  sp3  bonded 
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carbon  in  films  containing  as  much  as  90  %  sp^  bonded  material  may  remain  undetected.  This  is 
undesirable  when  new  deposition  conditions  are  being  explored,  since  conditions  which  yield  a 
majority  of  sp^  bonded  sites  can  be  overlooked  by  the  Raman  analysis. 

These  two  techniques  also  differ  in  that  NMR  spectroscopy  is  sensitive  to  short-range  order,  while 
Raman  spectroscopy  probes  order  over  a  longer  range.  NMR  provides  only  information  averaged 
over  the  entire  sample  volume  and  requires  relatively  large  samples  and  long  acquisition  times. 
Raman  has  the  advantage  of  giving  fast,  spatially  resolved  information.  A  combination  of  the  two 
techniques  is  desirable  for  obtaining  reliable  information  for  all  types  of  diamond. 

Isotopic  enrichment  was  sometimes  employed  to  decrease  sample  size  requirements.  In  addition, 
selective  labeling  was  used  to  gain  insight  into  the  chemistry  of  diamond  formation  when 
more  than  one  chemically  distinct  carbon  is  present  in  the  gas-phase  reactant  mixture.  Films  were 
grown  using  acetone,  selectively  labeled  at  either  the  methyl  or  carbonyl  site,  as  the  reactive 
carbon  source.  The  degree  of  enrichment  which  results  in  the  film  was  determined  from  the 
linewidth  of  the  sp^  diamond  peak  in  the  static  spectra  which  is  dominated  by  homonuclear 
dipole  broadening.  Measuring  the  resulting  concentration  in  a  pair  of  otherwise  identical 
films,  determines  the  relative  efficiency  at  which  the  methyl  and  carbonyl  sites  from  the  selectively 
labeled  acetone  incorporate  into  diamond.  When  such  experiments  were  carried  out  in  a  hot- 
filament  reactor,  both  labels  are  incorporated  equally  when  a  tantalum  filament  is  used.  In  contrast, 
dianwnd  deposits  preferentially  from  the  methyl  site  when  a  riienium  filament  is  employed. 
However,  some  growth  from  the  carbwiyl  site  is  still  observed  when  rhenium  is  used.  Such 
experiments  demonstrate  the  impcntance  of  heterogeneous  chemistry  at  the  filament  in  this  type  of 
CVD  reactor. 

19fnMR 

The  lower  substrate  temperatures  which  have  been  achieved  using  fluorine  containing  CVD 
reactants,  opens  the  possibility  of  depositing  diamond  onto  materials  of  low  thermal  stability,  such 
as  organic  polymers.  In  addition,  fluorination  has  been  proposed  to  enhance  the  chemical  inertness 
and  lower  the  coefficient  of  friction  of  diamond  surfaces.  Thus,  knowledge  of  surface  passivation 
of  diaiix>nd  by  fluorine  is  desirable. 

Solid-state  NMR  has  been  used  to  characterize  the  surfaces  of  diamond  powder  after  100% 
CF4  and  98%  CF^%  O2  radio  frequency  plasma  treatments.  The  pure  CF4  plasma  results  in  7.1 

X  10^^  F/cm^,  a  coverage  equivalent  to  approximately  half  of  the  available  surface  bond  density. 
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With  the  addition  of  2%  02>  the  equivalent  coverage  is  reduced  by  roughly  an  order  of  magnitude, 
to  7,4  X  10^^  F/cm^.  MQ  NMR  reveals  the  is  not  distributed  unifOTmly  on  either  surface. 

High-speed  magic-angle-spinning  NMR  was  used  to  average  the  effects  of  chemical  shift 
anisotrc^y.  On  both  surfaces,  only  CFx  (5i=l-3)  functionalities  were  observed,  with  the  majority 
species  being  carbon  monofluoride.  Only  5  to  10%  of  the  fluorine  was  bonded  as  CF3.  The 
isotropic  chemical  shifts  were  resolved  and  assigned  relative  to  CFCI3  as  follows:  CF  =  148±1 
ppm;  CF2  =  106±2  and  123  ppm;  CF3  =  78±1  ppm.  The  peak  at  123  ppm  was  only  observed  in 
the  CF4/O2  plasma-treated  sample  and  is  speculated  to  be  the  result  of  atomic  fluorine  etching  of 
diamond. 

RELATED  STUDIES 

To  relate  the  NMR  woric  to  other  studies,  complementary  characterization  techniques  were 
employed  throughout:  infrared,  Raman,  UV-visible,  and  secondary  ion  mass  spectroscopy, 
scanning  and  transmission  electron  microscopy,  x-ray  diffraction,  and  thermal  conductivity 
measurements.  Some  of  this  analysis  was  obtained  in  collaboration  with  other  researchers,  as 
indicated  in  a  section  which  follows. 

In  order  to  obtain  greater  control  over  the  sample  available  for  our  charaaerization  work  and  in 
order  to  interpret  our  results,  we  constructed  and  modeled  a  hot-filament  diamond  deposition 
reactor.  The  influence  of  radiation  and  hydrogen  atom  recombination  on  substrate  temperature 
uniformity  was  calculated  and  verified  by  experimental  measurements.  A  two-dimensional  finite 
element  model  was  developed  to  examine  the  relative  importance  of  heterogenous  and 
homogenous  chemistry  in  the  production  of  atomic  hydrogen.  Our  calculations  show  that  catalytic 
activity  is  responsible  for  at  least  95%  of  the  atomic  hydrogen  production.  In  addition,  the 
concentration  of  atomic  hydrogen  at  the  filament  is  far  below  thermal  equilibrium  values.  The 
effect  of  recombination  of  hydrogen  atoms  at  the  growing  surface  was  also  studied.  An  analysis  of 
experimental  data  reveals  an  activation  energy  of  ISO  U/mol  for  the  filament-catalyzed  reaction. 
Frcxn  these  measurements,  a  kinetic  expression  is  developed  to  explain  catalytic  production  of 
atomic  hydrogen  at  the  surface.  Work  on  using  zeolites  as  a  novel  substrate  for  diamond  deposition 
was  also  pursued  in  this  reactor. 
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INTRODUCTION 

Diamond  films  are  typically  produced  by  both  plasma  and 
thermally  assisted  CVD  using  methane  as  the  carbon  source  in 
an  excess  of  hydrogen^-.  Although  these  films  have  been 
characterized  using  a  wide  variety  of  techniques,  nuclear 
magnetic  resonance  (NMR)  spectroscopy  can  yield  valuable  new 
information.  Both  hydrogen  and  carbon- 13  NMR  speccroscopy 
can  be  used  to  examine  polycrystalline  diamond  films^,  even 
those  with  a  hydrogen  content  of  <  1%.  NMR,  however,  has  not 
been  used  extensively  to  date. 

NMR  is  quantitative  in  that  each  nuclei  gives  rise  to  the 
sa.me  integrated  NMR  signal,  regardless  of  its  chemical 
environment,  provided  complete  spin-lattice  relaxation  occurs 
between  averages^.  Gem-quality  natural  diamond  can  have  a 
spin-lattice  relaxation  times  >  1  day,  making  averaging 
painfully  slow.  The  presence  of  paramagnetic  defects 
decreases  the  relaxation  time  of  neighboring  nuclei  to 
several  seconds**.  Increasing  the  concentration  reduces 
the  spin-lattice  relaxation  time  of  nuclei  removed  from 
the  defect  site  through  increased  homonuclear  dipolar 
communication  as  well  as  increasing  the  total  signal.  In 
addition,  enrichment,  if  done  selectively,  can  be  used  to 
gain  insight  into  diamond  chemistry. 

Very  high  enrichments  will,  however,  limit  spectral 
resolution  of  sp2  versus  sp3  carbon  due  to  homonuclear 
dipolar  line  broadening.  Resolution  can  be  restored  by  magic- 
angle  spinning,  but  this  requires  crushing  the  sample, 
destroying  its  physical  integrity.  Unlike  magic-angle 
spinn-ng,  static  NMR  experiments  do  not  require  sample 
destruction.  In  fact,  slivers  of  diamond  films  can  be 
inserted  directly  into  the  NMR  coil  while  intact  on  their 
substrate.  Also,  the  low-energy  radio-frequency  irradiation 


used  in  NMR  is  unlikely  to  result  in  chemical  alteration  of 
the  diamond  samples . 

In  materials  with  high  hydrogen  concentrations,  like 
polymers  and  diamond-like  carbon  films,  cross-polarization 
enhances  the  carbon-13  spectrumS.*.  At  the  low  hydrogen 
concentrations  found  in  polycrystalline  diamond  films,  carbon 
nuclei  located  far  from  hydrogen  are  less  effectively  cross- 
polarized,  and  thus,  the  quantitative  character  of  the  NMR 
experiment  is  lost.  Direct-polarization  i3C  NMR,  while 
requiring  larger  samples,  is  a  means  of  obtaining 
quantitative  sp2/sp3  ratios . 

To  date,  Raman  spectroscopy  is  used  to  identify  sp2  and  sp3 
bonded  carbon  in  diamond  films.  However,  the  Raman  results 
are  difficult  to  quantify  since  the  scattering  efficiency  of 
sp2  bonded  carbon  differs  from  sp3  bonded  material.  These 
scattering  efficiencies  may  vary  from  film  to  film,  as  well. 
The  sensitivity  of  Raman  spectroscopy  is  also  controlled,  in 
part,  by  the  spot  size  of  the  instrument.  With  a  small  spot 
size,  it  is  possible  to  overlook  inclusions  of  graphitic 
carbon  and  overestimate  the  quality  of  the  film. 

NATURAL  ABUNDANCE  CARBON-13  FILM 

A  free-standing  polycrystalline  diamond  film  was  provided 
by  Dr.  James  E.  Butler  of  the  Naval  Research  Laboratory.  The 
film  was  produced  from  0.5%  methane  in  hydrogen  in  a  hot- 
filament  reactor.  The  total  pressure  was  34  torr,  and  the 
substrate  temperature  was  -1150K.  After  93  hours,  an  opaque, 
almost  black  film  was  obtained.  The  micro-Raman  spectrum, 
obtained  by  Dr.  Butler,  is  shown  in  Figure  la.  Several 
locations  were  probed,  and  the  micro-Raman  indicated  the 
presence  of  sp^  bonded  carbon,  only.  The  static  direct- 
polarization  NMR  spectrum  of  the  -0.1  g  sample  was  obtained 
on  a  commercial  4.7  T  IBM  Instruments  spectrometer.  Two 
peaks  are  present,  one  centered  at  34  ppm  and  the  second 
centered  at  120  ppm,  indicative  of  sp3  and  sp2  bonded  carbon, 
respect  ively^'S . 

Thus,  NMR  has  detected  sp2  carbon  in  a  black,  opaque  CVD 
diamond  film  which  was  not  apparent  from  the  Raman  spectrum. 
Differences  between  the  NMR  and  Raman  spectrum  could  arise 
for  several  reasons,  as  discussed  in  the  introduction.  The 
NMR  Spin-lattice  relaxation  behavior  for  this  sample  has  not 
yet  been  determined.  When  the  period  between  averages  is 
adjusted  for  the  relaxation  time,  the  relative  intensities  of 
the  sp2  and  sp3  peaks  may  vary.  In  order  to  reduce  concerns 
about  relaxation  time  and  to  decrease  total  deposition  time, 
carbon-13  enriched  films  were  examined. 


CARBON-13  ENRICHED  FILMS 

Oxygen  containing  carbon  sources  such  as  acetone,  ethanol, 
and  carbon  monoxide  have  been  used  to  produce  films  at  higher 
growth  rates  and/or  with  improved  morphology’^s .  Although 
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Figure  1.  (a)  The  Raman  spectrum  of  a  natural  abundance,  hct- 

filaiment  CVD  film  shows  an  intense  adsorption  for  diamond  at  1332 
cm“i.  The  presence  of  sp2  bonded  carbon  is  not  apparent.  (b)  The 
KMR  spectrum  of  the  same  sample  clearly  shows  a  peak  at  a  chemical 
shift  of  34  ppm  with  respect  to  TMS,  indicative  of  diamond.  The 
peak  at  120  ppm  indicates  a  significant  amount  of  sp2  bonded  carbon 
in  the  sample . 
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Figure  2.  (a)  This  photograph  shows  a  12  ^m  thick'  diamond  deposit 
over  a  one-inch  silicon  substrate.  The  cuts  show  how  slivers  are 
prepared  for  intact  insertion  into  the  NMR  probe  where  non¬ 
destructive  evaluation  takes  place.  The  blac.k  edge  regions  appear 
where  clips  were  used  to  hold  hold  the  sample  in  place  during 
deposition.  Some  of  the  film  was  chipped  off  the  silicon 
substrate  while  under  the  diamond  saw.  (b)  Optical  micrographs 
show  a  highly  faceted,  continuous,  polycrystalline  morphology. 

T.he  average  particle  size  is  S-10  ^im,  and  the  film  is  -12  ^im 
thick. 


there  has  been  much  speculation  about  the  role  of  oxygen  in 
such  depositions,  little  has  been  proven  at  this  time. 
Choosing  acetone  as  a  reactant  and  using  selective  isotopic 
labeling,  resulted  in  higher  growth  rates,  reducing  reactant 
costs,  and  allowed  insight  into  the  role  of  oxygen  in  the 
deposition. 

Two  polycrystalline  diamond  films  were  deposited  in  a  hot- 
filament  reactor.  The  carbon  source  was  33%  or 

66%  CH3I3COCH3  in  normal  acetone,  for  an  overall  22%  gas-phase 
13C  enricliment .  The  acetone  and  hydrogen  flowrates  were  2 
seem  and  100  seem,  respectively.  A  1”  diameter  silicon 
substrate  was  seeded  with  natural  diamond  grit  prior  to 
deposition.  The  filament  was  a  2  mm  diameter  tantalum  wire 
maintained  at  a  temperature  of  -2600K,  and  the  substrate 
temperature  was  -1150K.  The  total  pressure  in  the  reactor 
was  ISO  torr. 

Figure  2a  shows  the  silicon  substrate  after  3.5  hours  of 
growth  in  the  carbonyl-enriched  reactant .  The  area  exposed 
during  deposition  is  covered  with  a  12  [im  thick 
polycrystalline  film.  Figure  2b  is  an  optical  micrograph  of 
the  film,  showing  a  highly  faceted  surface  with  primarily 
<111>  crystal  planes  and  typical  crystal  sizes  between  5  and 

10  ^ra.  Similar  results  were  obtained  with  the  methyl-enriched 
reactant.  The  4  mm  x  9  mm  slivers,  cut  using  a  diamond  saw, 
were  inserted  directly  into  the  NMR  probe,  allowing  non¬ 
destructive  evaluation  of  the  sample. 

The  static  direct-polarization  NMR  spectra  of  the  enriched 
films  were  obtained  on  a  home-built,  6.3  Tesla  spectrometer. 
Both  spectra  of  the  films  produced  from  the  methyl  (Figure 
3a)  and  carbonyl  (Figure  3b)  labeled  reactants  contain  only 
one  peak,  centered  at  34  ppm,  indicative  of-sp3  bonded 
carbon.  Any  signal  upfield  near  120  ppm, .where  sp2  bonded 
carbon  would  be  found,  was  below  the  noise  level  in  our 
spectra . 

The  carbon-13  concentration  in  the  films  can  be  calculated 
from  the  second  moment  of  the  NMR  lineshapes  using  the  van 
Vleck  equation  for  a  spin-1/2  nuclei®, 
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<Aco2>  =  ^  cyMizIxr  j]c-s 

where 

<Aa)2>  is  the  second  moment; 

C  is  the  fraction  of  sites  occupied  by  i^C; 

7  is  the  gyromagnetic  ratio  of  the  nuclei; 

-h  is  Plank's  const  ant /2]c;  and, 

tjx  is  the  internuclear  distance  between  sites  j  and 
k,  determined  from  diamond's  crystallographic 
structure . 


The  dashed  lines  in  Figure  3  represent  the  best  Gaussian  fit 
to  these  lineshapes.  For  a  Gaussian,  the  full-width  at  half- 
maximum  (FWHM)  equals  2.35  <Aw2>i/2.  For  both  of  the  films, 
the  FWHM  is  45±2  ppm  at  67.7  MHz  corresponding  to  a  carbon-13 
concentration  in  the  film  is  22±1%,  identical  to  the  degree 
of  gas-phase  enrichment. 

ANALYSIS  OF  HETEROGENEOUS  CHEMISTRY 

The  incorporation  of  carbons  from  the  carbonyl  position  of 
the  acetone  reactant  raises  questions  about  the  role  of 
oxygen  and  the  chemistry  within  the  reactor.  There  are  three 
possible  pathways  for  carbonyl-carbon  incorporation  into  the 
diamond  film  -  as  CO  incorporated  directly  from  the  gas 
phase,  through  homogeneous  gas-phase  conversion  to  a 
precursor  species,  or  through  heterogeneous  conversion  to  a 
precursor  species.  The  first,  direct  incorporation  of  CO 
from  the  gas  phase,  might  be  expected  to  follow  a  pathway 

analogous  to  the  Boudouard  reaction,  (2  COga,  CO2  + 

C,oUd  )  /  soot  formation,  although  no  evidence  for  this 

process  in  diamond  growth  has  been  found  to  date^o.  The 
kinetics  of  the  Boudouard  reaction  are  greatly  enhanced  by 
surfaces  and  iron  contamination,  suggesting  the  importance  of 
heterogenous  chemistry.  There  are  many  possible  roji,  s  for 
the  second  method  of  incorporation,  homogeneous  carbon 
scrambling,  but  based  on  published  homogeneous  reaction  rate 
constants  for  CO. in  the  combustion  literature,  these  are 
likely  to  be  slow.  In  addition,  through  isotopic  studies  it 
has  been  shown  that  homogeneous  scrambling  of  CO  is 
minimal^i.  Scrambling  of  hydrocarbons,  on  the  other  hand,  is 
essentially  complete^'^.y .  One  final  possibility  is  that  the 
enol  form  of  the  acetone  reactant  provides  a  pathway  for 
homogeneous  conversion.  Harris  has  measured  a  CO 
concentration  of  0.018  mol%  in  the  gas-phase  when  1.0  mol%  of 
O2  enters  the  reaction  zdnei<.  This  is  close  to  the 
equilibrium  CO  concentration  of  0.017  mol%  at  the  filament 
temperature.  Similar  agreement  was  found  at  the  other  oxygen 
concentrations  checked  between  0%  and  3%.  However,  the 
pathway  by  which  this  CO  would  form,  directly  from  carbonyl 
carbons  or  through  other  homogeneous  reaction,  has  not  been 
determined. 

We  have  used  secondary  ion  mass  spectrometry  (SIMS)  to 
evaluate  the  role  of  heterogeneous  exchange  between  the 
carburized  tantalum  filament  and  gas-phase  carbonyl-derived 
carbons.  Figure  4a  shows  the  SIMS  spectrum  obtained  from  a 
filament  exposed  for  several  hours  to  normal  acetone  in 
excess  hydrogen.  The  peaks  at  mass  193  and  mass  195 
represent  Tai2c  and  its  hydride,  Tai2CH2,  respectively.  The 
peaks  at.  mass  197  and  198  are  TaO  and  TaOH,  respectively. 
Figure  4b  shows  the  SIMS  spectrum  of  a  tantalum  filament 
exposed  to  normal  acetone  anc.  hydrogen  in  the  same  manner  as 
the  first  and  then  exposed  to  carbon- 13  enriched  acetone 
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Figure  4.  (a)  SIMS  soeccrum  taken  froa  a  cancaiua  f— acent 

exoosed  only  to  natural  i^C  atoundance  acetone  show  «  1-3, 

195,  197,  and  198  a.a.u.  These  are  representative  of 
Tai'2CHj,  TaO,  TaOK,  respectively.  (b)  SIMS  spectra  taken  .roa  a 
filament  initially  carburized  with  normal  acetone  and  then  e.xposed 
to  wc- labeled  acetone,  enriched  at  the  carbonyl  carbon,  p-® 

four  peaks  observed  in  spectrum  (a)  as  well  as  peaks  at  1-4  anc 
*196  a.m.u.  These  represent  Ta>-3C  and  Tai^CH^  and  show  t^t 
..heterogeneous  carbon  exchange  does  .take  place,  at  t^.  fi-^ament . 


labeled  at  the  carbonyl  carbon  and  an  excess  of  hydrogen  for 
several  hours.  The  peaks  at  mass  193,  195,  197,  and  198 
appear  as  before.  Two  new  peaks  appear,  however,  at  mass  194 
and  196  indicating  Tai^C  and  Tai3CH2 .  Depth  profiling  to  > 
2000  A  indicates  that  exchange  has  also  occurred  in  the 
interior  of  the  filament. 

CONCLUSION 

Nuclear  magnetic  resonance  spectroscopy  provided  a  non¬ 
destructive  means  of  quantitatively  evaluating  diamond  films. 
It  was  sensitive  to  the  local  environment  throughout  the 
sample  and  identified  sp2  bonded  carbon  in  a  film  where  it 
was  not  apparent  from  Raman  analysis.  Isotopic  enrichment 
was  used  to  decrease  sample  size  requirements  and  spin- 
lattice  relaxation  times,  increasing  sensitivity.  This  will 
allow  quantitative  sp2/sp3  ratios  to  be  obtained.  Selective 
isotopic  labeling  was  used  to  raise  questions  and  gain 
insight  into  the  chemistry  of  diamond  formation  as  well.  NMR 
has  shown  that  the  carbonyl  carbons  from  acetone  are 
incorporated  into  diamond  films,  and  SIMS  has  been  used  to 
show  that  heterogeneous  exchange  reactions  in  the  filaunent, 
involving  the  carbonyl  carbon,  occur. 
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The  quality  of  hot-filament  chemical-vapor-deposited  diamond  films  has  been  quantitatively 
assessed  by  'H  and  '^C  nuclear-magnetic-resonance  (NMR)  spectroscopy.  As  the 
carbon  mole  fraction  increases  from  0.033  to  0.074  in  the  gas  phase,  film  quality  in  terms  of 
sj^  carbon  content,  bonding  disorder,  and  spin-lattice  relaxation  times  deteriorates,  in 
agreement  with  the  quaUtative  results  of  Raman  spectroscopy  and  scanning  electron 
microscopy.  Selective  isotopic  labeling  of  the  acetone  reactant  and  subsequent  '^C 
NMR  analysis  shows  that  the  carbonyl  carbon  of  acetone  is  incorporated  into  the  growing 
diamond  films.  Secondary-ion  mass  spectroscopy  reveals  that  heterogeneous  exchange 
reactions,  involving  the  carbonyl  carbon  at  the  tantalum  filament,  are  responsible  for  this 
phenomena. 


I.  INTRODUCTION 

The  commercial  exploitation  of  diamond  in  many  ma¬ 
terials  and  electronic  applications  is  limited  by  the  ability 
to  produce  high-quality,  defect-free  diamond  films  and 
coatings.  The  successful  production  and  use  of  such  films 
requires  greater  understanding  of  these  materials,  their 
structure,  and  the  chemistry  of  their  formation.  In  recent 
years,  a  large  research  effort  has  been  devoted  to  the  study 
of  low-pressure  diamond  deposition  by  various  methods. 
Films  can  be  deposited  from  hydrogen-hydrocarbon  gas 
mixtures,'  as  well  as  mixtures  containing  oxygen  and  halo¬ 
gen  species.'"* 

Diamond  is  typically  produced  by  plasma  or  hot-fila¬ 
ment  chemical-vapor  deposition  (CVD),  and  the  carbon 
source  is  usually  methane.  However,  studies  of  carbon 
sources  containing  oxygen  have  shown  promising  results. 
Acetone,^’*  ethanol,*’^  and  carbon  monoxide*  are  among 
the  species  that  have  been  used.  Both  oxygen  and  atomic 
hydrogen  are  thought  to  play  important  roles  in  diamond 
formation  and  in  inhibiting  the  growth  of  graphite  through 
selective  etching,  although  the  exact  mechanisms  for  these 
processes  are  not  fully  understood.'  Although  these  pro¬ 
posed  reactions  indicate  the  importance  of  heterogeneous 
chemistry  in  the  diamond  reactor,  the  majority  of  the  ki¬ 
netic  models  of  diamond  formation  proposed  to  date  focus 
primarily  on  homogeneous  gas-phase  reactions.  Heteroge¬ 
neous  reactions  occurring  at  the  hot-filament  surface  have 
received  little  attention. 

Diamond  films  are  characterized  using  a  wide  variety 
of  techniques.'"^  However,  nuclear-magnetic-resonance 
(NMR)  spectroscopy  has  been  largely  neglected.  Both 
'H^  and  '*C  NMR  spectroscopy  can  be  used  to  examine 
polycrystalUne  diamond  films,  even  those  with  hydrogen 
contents  of  <0.5  at.  %.  While  these  low  hydrogen  con¬ 
tents  prohibit  the  use  of  cross-polarization  techniques  to 
enhance  '*C  signals,  direct  polarization  of  carbon  is  cer¬ 
tainly  possible.  Larger  samples  are  required,  however,  to 
obtain  sufficient  NMR  signal.  Hydrogen  NMR  spectros¬ 
copy  may  be  performed  on  samples  containing  as  few  as 


lO'’  protons’  while  '*C  NMR  is  typically  performed  on 
samples  containing  greater  than  SX  lO'^  '*C  nuclei.  Both 
of  these  direct-polarization  techniques  provide  quantitative 
information  that  is  unattainable  by  other  techniques. 

NMR  is  quantitative  in  that  each  nuclei  gives  rise  to 
the  same  integrated  NMR  signal  intensity,  regardless  of  its 
chemical  environment,  provided  complete  spin-lattice  re¬ 
laxation  occurs  between  averages,  and  broadening  from 
paramagnetic  centers  is  insignificant.  Gem-quality  natural 
diamond  can  have  spin-lattice  relaxation  times  >  1  day,^ 
making  signal  averaging  unreasonably  slow.  The  presence 
of  paramagnetic  defects  decreases  the  relaxation  time  of 
the  neighboring  '*C  nuclei  to  several  seconds.  However, 
'*C  nuclei  within  a  2  A  radius  of  a  paramagnetic  center 
may  be  shifted  in  frequency  to  such  an  extent  that  their 
resonance  is  indistinguishable  from  the  baseline.  Fortu¬ 
nately,  only  a  small  fraction  of  the  nuclei  in  the  sample  are 
in  such  close  proximity  to  a  paramagnetic  center,  and  the 
effect  can  usually  be  neglected.  Comparison  of  the  observed 
NMR  signal  intensity  to  that  calculated  for  the  number  of 
'*C  nuclei  in  the  sample,  based  on  weight  and  enrichment 
estimates,  insures  the  entire  sample  is  represented.  In  ad¬ 
dition  to  increasing  the  total  signal,  increasing  the  '*C  con¬ 
centration  reduces  the  spin-lattice  relaxation  time  of  '*C 
nuclei  removed  from  the  defect  site  through  increased 
homonuclear  dipolar  communication.  The  '*C  enrichment, 
if  done  selectively,  can  also  be  used  to  gain  insight  into 
diamond  chemistry. 

Very  high  enrichments  will,  however,  limit  spectral 
resolution  of  sp’  vs  sp*  carbon  due  to  homonuclear  dipolar 
line  broadening.  Resolution  may  be  restored  by  magic-an¬ 
gle  spinning  (MAS),  but  this  typically  requires  crushing 
the  sample  and  destroying  its  physical  integrity.  Unlike 
magic-angle  spinning,  static  NMR  experiments  do  not  re¬ 
quire  sample  destruction.  In  fact,  slivers  of  diamond  can  be 
inserted  directly  into  the  NMR  coil  while  intact  on  their 
substrates.  Also,  the  low-energy  radio-frequency  irradia¬ 
tion  used  in  NMR  is  unlikely  to  result  in  chemical  alter¬ 
ation  of  the  diamond  samples. 
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TABLE  I.  Summary  of  data  for  Alms  A',  B,  C  and  A,  indicating  that  as  the  carbon  mol  %  in  the  gas-phase  increases,  the  quality  of  the  Alms  deteriotates, 
in  terms  of  ^  content,  disiMder  of  the  phase,  spin-lattice  relaxation-tinie  constants,  crystallite  size,  and  intensity  in  the  Raman  spectra. 


linewidth 

(kHz) 


Film 

Site  of 
enrichment 

Carbon 
mol  % 

at.  % 

Static 

MAS 

T, 

(s) 

at.  % 

H 

Crystallite 
size  (/xm) 

A 

methyl 

5.3 

0±2 

2.8 

0.15 

18 

0.50 

10 

2.44 

B 

methyl 

6.4 

0±l 

2.8 

0.20 

4 

0.05 

5 

1.68 

C 

methyl 

7.4 

I0±2 

4.2 

0.69 

1 

0.42 

0.00 

A' 

carbonyl 

5.3 

0±l 

2.8 

20 

0.39 

8 

1.99 

II.  EXPERIMENT 

A  series  of  three  polycrystalline  diamond  films  were 
produced  in  a  hot-fihunent  reactor  using  acetone  as  the 
carbon  source.  Ail  of  the  substrates  were  silicon,  seeded 
with  0.25  ftm  natural  diamond  particles.  After  2-3  h  of 
deposition,  the  films  were  examined  under  optical  micro¬ 
scope.  The  thickness  varied  from  3  to  10  /tm,  and  the  films 
were  nearly  continuous  over  the  l-in.-diam  substrate.  To 
facilitate  NMR  measurements,  the  acetone  was  labeled 
with  '^C  at  the  methyl  site  to  provide  an  overall  gas-phase 
enrichment  of  22%.  The  acetone  flowrate  was  varied  in 
each  run  to  give  total  carbon  mol  %  in  the  gas  feed  as 
shown  in  Table  I.  The  hydrogen  flowrate  was  held  fixed  at 
1(X)  seem.  The  filament  used  to  thermally  activate  the  gas 
feed  was  a  tantalum  wire,  resistively  heated  to  ~26(X)  K. 
The  temperature  of  the  silicon  substrate  was  —1150  K, 
and  the  total  pressure  in  the  reactor  was  150  Torr.  A 
fourth  film  was  also  produced  at  these  conditions,  this  time 
using  acetone  labeled  at  the  carbonyl  carbon  to  give  a  5.3 
carbon  mol  %  in  the  gas  phase.  This  selective  labeling  al¬ 
lowed  us  to  examine  differences  between  chemistry  experi¬ 
enced  by  the  carbon  atoms  in  each  bonding  environment  of 
the  acetone  molecule.  The  samples  were  prepared  for 
NMR  studies  using  a  diamond  saw  to  cut  the  silicon  sub¬ 
strate  into  4x9  mm  slivers. 

The  carbon-13  concentration  in  the  films  can  be  calcu¬ 
lated  from  the  second  moment  of  the  NMR  line  shapes 
using  the  van  Vleck  equation^  for  a  spin- 1/2  nuclei, 

=  (1) 

where  C  is  the  fraction  of  sites  occupied  by  '^C,  y  is  the 
gyromagnetic  ratio  of  the  nuclei,  ^  is  Planck’s  constant 
over  2ir,  and  is  the  intemuclear  distance  between  sites  j 
and  kf  determined  from  diamond’s  crystallographic  struc¬ 
ture.  For  a  Gaussian  line  shape,  the  full-width  at  half¬ 
maximum  (FWHM)  equals  2.35  A  FWHM  of 

3.0  kHz,  therefore,  corresponds  to  a  sample  enriched  with 
22%  '^C.  In  natural  diamond,  calculation  of  the  enrich¬ 
ment  based  on  the  experimental  linewidth  yields  1.1% 
'^C,  as  expected  for  a  natural  abundance  sample.  The  line- 
width  due  to  dipolar  interactions  is  independent  of  the 
static  magnetic  field  and  is  given  in  units  of  kHz. 

Additional  broadening  may  occur  in  CVD  films  due  to 
chemical-shift  anisotropy  (CSA),  magnetic  susceptibility 


effects  caused  by  the  substrate,  and  a  broader  distribution 
of  bond  angles.  In  addition  the  broadening  caused  by  these 
effects  may  result  in  an  asymmetric  line.  These  broadening 
mechanisms,  as  well  as  the  isotropic  part  of  the  chemical- 
shift  interaction,  are  linearly  proportional  to  the  applied 
field  and  are  reported  in  units  of  parts  per  million  (ppm)  of 
the  applied  external  field.  Thus,  for  our  7  T  spectrometer, 
1  ppm  is  equivalent  to  75  Hz  for  '^C. 

Static  direct-polarization  NMR  was  performed  by 
inserting  slivers  of  diamond  directly  into  the  NMR  coil 
while  they  remained  intact  on  the  silicon  substrate.  The 
spectra  were  obtained  on  a  home-built,  7.0  T  NMR  spec¬ 
trometer  with  quadrature  detection.  Background  carbon 
concentrations  in  the  static  NMR  probe  were  below  the 
detection  limit  of  5xl0'^  for  natural  abundance 
5/7^-bonded  '^C  atoms.  This  detection  limit  was  determined 
experimentally  using  test  mixtures  containing  jr/>^-bonded 
soot  and  natural  diamond  powder  of  known  quantities,  and 
the  relaxation-time  constant  for  each  material  was  deter¬ 
mined  independently.  The  detection  limit  for  sp^-bonded 
carbon  of  1 X  lO'^  is  lower  than  that  for  sp^-bonded  mate¬ 
rial  due  to  sp^  carbon’s  narrower  linewidth.  Between  3000 
and  50  OCX)  free-induction  decays  were  signal  averaged  for 
each  sample,  as  determined  by  the  desired  signal-to-noise 
ratio  of  the  final  spectrum.  The  delay  between  averages  was 
five  times  the  spin-lattice  relaxation-time  constant  of  the 
film,  ensuring  that  the  '^C  nuclei  return  to  equilibrium 
with  the  static  magnetic  field  between  averages. 

Spin-lattice  relaxation  is  the  process  by  which  the 

nuclei  exchange  energy  with  the  surrounding  lattice 
and  typically  follows  the  Bloch  equation,'*^ 


(-t\ 


(2) 


where  M[,t)  is  the  net  magnetization  parallel  to  the  exter¬ 
nal  magnetic  field  at  time  t,  Mq  is  the  initial  magnetization 
at  r  =  0,  and  T |  is  the  exponential  spin-lattice  relaxation¬ 
time  constant.  In  natural  diamond,  the  relaxation-time 
constant  is  extremely  long  and  may  exceed  24  h.^  In  syn¬ 
thetic  diamond,  however,  grain  boundaries,  unterminated 
bonds,  and  other  paramagnetic  defects,  and  ferromagnetic 
defects  provide  additional  mechanisms  through  which  re¬ 
laxation  may  occur,  reducing  observed  relaxation-time 
constants  to  minutes  or  even  seconds.*  Relaxation  due  pre- 
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FIG.  1.  Static  '^C  NMR  spectnun  of  natural  diamond  powder.  The  peak 
at  36±2  ppm  is  characteristic  of  rp^-bonded  carbon,  and  its  ~0.S  kHz 
linewidth  corresponds  to  the  1. 1%  natural  abundance  of  ‘^C.  The  absence 
of  a  peak  in  the  120  ppm  region  indicates  the  rp^-bonded  carbon  is  below 
the  detection  limit  of  50x  10'*  ‘^C  per  sample. 

dominantly  to  paramagnetic  centers  may  exhibit  behavior 
different  from  that  predicted  by  the  Bloch  equation."'*^ 
However,  in  the  case  of  rapid  spin  diffusion,  such  as  that 
found  in  our  enriched  samples,  it  is  likely  that  an  exponen¬ 
tial  decay  will  be  observed  even  in  the  presence  of  para¬ 
magnetic  centers."  Here,  spin-lattice  relaxation  times  were 
measured  by  the  saturation  recovery  technique. 

For  comparison  with  deposited  films,  a  static  direct- 
polarization  "C  NMR  spectrum  of  natural  diamond  pow¬ 
der  is  shown  in  Fig.  1.  The  peak  centered  at  36±2  ppm,  is 
typical  of  the  isotropic  chemical  shift  of  sp^-bonded  carbon 
relative  to  that  of  tetramethyl  silane.  The  diamond  peak  is 
nearly  symmetric,  revealing  little  CSA,  as  expected  for  a 
tetrahedrally  symmetric  bonding  environment.  As  antici¬ 
pated,  we  see  virtually  no  intensity  in  the  region  near  120 
ppm,  where  rp^-bonded  carbon  is  typically  found.  The  sig¬ 
nificant  separation  of  the  and  sp^  carbon  chemical  shifts 
allows  us  to  resolve  these  features  in  all  but  the  most  highly 
enriched  samples.  Since  the  static  linewidth  of  the  symmet¬ 
ric  NMR  pe^  is  related  to  the  "C  concentration  in  the 
film  by  the  van  Vleck  equation  [Eq.  (1)],  lines  become 
broader  and  more  difficult  to  resolve  at  higher  enrich¬ 
ments. 

With  additional  broadening  by  other  interactions,  such 
as  the  CSA  and  magnetic  susceptibility  effects,  the  resolu¬ 
tion  of  sp^  and  sp^  carbon  peaks  may  be  difficult.  To  im¬ 
prove  this  resolution,  the  peaks  may  be  narrowed  by  a 


FIG.  2.  Magic-angle  spinning  spectra  of  film  A.  Only  sp^  carbon  is  ob¬ 
served,  having  a  similar  chemical  shift  to  natural  diamond  (Fig.  1 )  and  a 
narrow  linewidth  (0.15  kHz),  indicating  a  low  degree  of  bond  angle 
disorder  in  the  CVD  diamond. 

technique  known  as  magic-angle  spinning  (MAS).  While 
the  isotropic  chemical  shift  remains  unaffected  by  MAS, 
broadening  due  to  the  CSA  may  be  eliminated.  Broadening 
due  to  bond  angle  disorder,  however,  cannot  be  eliminated 
by  MAS.  MAS  NMR  has  often  been  used  in  the  study  of 
amorphous  carbons."’’^  For  this  measurement,  samples 
must  be  crushed  into  fine  powders  to  allow  high-speed 
spinning.  Crushing  the  films  reduces  magnetic  susceptibil¬ 
ity  effects  by  reducing  spatial  variations  within  the  sample 
and  averaging  orientation  effects.  In  order  to  eliminate 
broadening  due  to  a  given  type  of  interaction,  the  spinning 
speed  of  the  sample  must  exceed  the  frequency  of  that 
interaction,  usually  requiring  speeds  in  excess  of  3  kHz. 

III.  CARBON  CONCENTRATION  STUDIES 

The  integrated  area  under  the  'H  NMR  line,  by  com¬ 
parison  with  a  known  sample,  was  quantitatively  used  to 
determine  the  hydrogen  concentration  of  each  sample  (Ta¬ 
ble  I).  In  all  cases,  the  total  hydrogen  content  was  less  than 
0.5  at.  %.  This  low  hydrogen  content  prevents  the  use  of 
cross-polarization  techniques  in  analyzing  our  films. 

However,  the  direct-polarization  "C  NMR  spectra 
were  obtained  for  film  A,  produced  with  5.3  carbon  mol  % 
in  the  gas  feed.  The  MAS-NMR  spectrum  of  the  crushed 
film  (Fig.  2)  compared  favorably  to  the  spectrum  of  nat¬ 
ural  diamond  (Fig.  1).  The  sp^  NMR  line  is  completely 
narrowed  to  0.15  kHz,  indicating  little  broadening  due  to 
bond  angle  distribution.  A  single  peak  is  centered  at  36 
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FIG.  3.  (a)-(d)  Direct-poUrization  static  '’C  NMR  spectra  of  fUms  A, 
B,  C,  and  A',  respectively,  (a),  (b),  and  (d)  show  a  single  line  at  ~36 
ppm  having  widths  characteristic  of  22%  '^C  enrichment,  (c)  Shows  a 
broader  line  due,  in  part,  to  increased  bond  angle  disorder.  Also,  the 
additional  peak  at  ~  120  ppm  in  (c)  indicates  the  presence  of  sp^-bonded 
carbon.  A  deterioration  in  film  quality  as  the  carbon  mol  %  is  increased 
is  observed  from  film  A  to  B  to  C.  Furthermore,  the  similarity  of  the 
spectra  for  films  A  and  A'  shows  that  the  methyl  and  carbonyl  carbons  of 
the  acetone  feed  are  incorporated  with  equal  efficiency. 


ppm,  indicating  the  presence  of  only  sp^-bonded  carbon. 
Prior  to  crushing  film  A,  the  static  NMR  spectra  [Fig. 
3(a)]  gives  a  linewidth  of  2.8  kHz  at  half-maximum  inten¬ 
sity.  This  is  broader  than  that  of  natural  diamond  (Fig.  1) 
and  is  consistent  with  the  calculated  value  [Eq.  ( 1 )]  for  a 
film  enriched  with  22%  '^C.  The  poorer  signal-to-noise 
ratio  of  the  static  spectra  [Fig.  3(a)]  relative  to  the  MAS 
spectra  is  a  result  of  additional  broadening  interactions 
present  in  the  static  spectra.  The  isotopic  shift  of  the  1332 
cm  ~ '  diamond  line  in  the  Raman  spectrum  to  1324  cm  ~ ' 
is  also  consistent  with  22%  enrichment.  The  Raman  spec¬ 
tra  of  this  film  show  a  strong  absorbance  at  1324  cm  ~ '  and 
little  evidence  of  the  1350  or  1580  cm~ '  absorbances  as¬ 


sociated  with  amorphous  carbon  and  graphite,  in  agree¬ 
ment  with  the  NMR  results  and  scanning  electron  micro¬ 
graphs  (SEM),  which  show  highly  faceted,  multiply 
twinned  surfaces  with  predominantly  (lll)-oriented  10 
fim  crystallites. 

The  static  NMR  spectrum  of  film  B  [Fig.  3(b)],  pro¬ 
duced  at  6.4  carbon  mol  %  in  the  feed  gas,  is  similar  to 
that  obtained  from  film  A  [Fig.  3(a)]  in  that  no  sp^-bonded 
carbon  is  observed  and  that  the  static  linewidth  is  consis¬ 
tent  with  a  22%  enrichment.  Again,  the  sp^  peak,  cen¬ 
tered  at  36  ppm,  is  narrowed  to  0.20  kHz  by  magic-angle 
spinning,  indicating  that  broadening  due  to  bond  angle  dis¬ 
order  is  not  a  significant  factor.  The  Raman  spectra  of  this 
film  also  shows  absorbance  at  1324  cm~ ',  but  additional 
absorbance  is  observed  where  the  isotopically  shifted  1350 
and  1580  cm  ~ '  lines  should  appear,  indicating  this  film  is 
of  slightly  lower  quality  than  film  A.  This  is  also  in  agree¬ 
ment  with  the  SEM  data,  which  shows  a  randomly  ori¬ 
ented,  less  faceted  surface  with  5  pm  particles  for  film  B. 

Figure  3(c)  shows  that  the  static  NMR  spectrum  of 
film  C,  produced  at  7.4  carbon  mol  %  in  the  feed  gas, 
appears  quite  different  from  that  of  films  A  and  B.  In  this 
case,  the  sp^  line,  centered  at  —38  ppm,  is  significantly 
broader  and  less  symmetric.  In  addition,  a  peak  centered  at 
120  ppm  appears,  indicating  the  presence  of  sp^-bonded 
carbon  as  well.  The  integrated  areas  under  the  two  NMR 
peaks  correspond  to  10  ±2%  sp^-bonded  carbon.  This  spi^ 
formation,  however,  is  not  accompanied  by  a  significant 
change  in  hydrogen  content.  Both  sp^-  and  sp^-bonded  car¬ 
bon  were  also  seen  by  MAS  NMR.  However,  the  sp^  peak 
of  film  C  is  not  narrowed  to  the  same  degree  as  those  of 
films  A  and  B  by  MAS,  maintaining  a  linewidth  of  0.69 
kHz,  even  at  spinning  speeds  in  excess  of  4.0  kHz.  This 
indicates  that  the  sp^-bonding  environment  in  film  C  is 
probably  more  disordered  than  those  found  in  films  pro¬ 
duced  at  lower  carbon  concentrations,  although  less  disor¬ 
dered  than  those  of  amorphous  carbon  films  which  have 
MAS  linewidths  of  2.25  kHz.  The  Raman  spectrum  ob¬ 
tained  from  film  C  shows  only  the  isotopically  shifted  1580 
cm  ~  *  graphite  line  and  the  1350  cm  ~ '  disordered  carbon 
line.'*  No  absorbance  is  observed  at  1324  cm“  ',  the  loca¬ 
tion  of  the  isotopically  shifted  diamond  line.  It  is  interest¬ 
ing  to  note  that  Raman  spectroscopy  failed  to  detect  any 
sp*-bonded  carbon,  which  comprises  90%  of  film  C.  This  is 
undesirable  for  a  characterization  tool  when  new  deposi¬ 
tion  conditions  are  being  explored,  since  conditions  which 
yield  a  majority  of  sp*-bonded  sites  can  be  overlooked  by 
the  Raman  analysis.  SEM  confirms  the  poor  quality  of  this 
sample,  showing  a  dark  film  with  no  identifiable  crystal 
facets. 

The  spin-lattice  relaxation-time  constant  T ]  is  also  an 
indicator  of  film  quality,  since  as  the  number  of  defects 
increases,  T\  decreases.  Table  I  shows  a  decline  in  film 
quality,  as  indicated  by  the  decrease  in  Ti,  as  the  carbon 
concentration  in  the  feed  increases.  None  of  the  values 
measured  approaches  that  of  natural  diamond  ( ~  1  day), 
indicating  a  high  defect  concentration.  Possible  sources  of 
such  defects  are  tantalum  incorporated  from  the  filament 
or  incorporated  nitrogen,  both  of  which  would  act  as  para- 
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magnetic  relaxation  centers.  The  relaxation  observed  fol¬ 
lows  an  exponential  decay  as  predicted  by  the  Bloch  equa¬ 
tion.  However,  this  does  not  eliminate  the  possibility  of 
paramagnetic  centers,  since  nonexponential  relaxation  be¬ 
havior  is  only  observed  in  the  limit  of  slow  spin  diffusion." 
In  our  enriched  samples,  "C  nuclei  removed  from  the  de¬ 
fect  site  will  experience  increased  relaxation  due  to  in¬ 
creased  homonuclear  dipolar  communication,  and  we  ex¬ 
pect  to  observe  an  exponential  decay.  The  decrease  in  T | 
generally  follows  a  decrease  in  grain  size,  indicating  that 
defects  at  grain  boundaries  may  be  important  sites  for  re¬ 
laxation. 

IV.  SELECTIVE  ISOTOPIC  ENRICHMENT  STUDIES 

Figure  3(d)  shows  the  static  "C  NMR  spectra  of  the 
film  A',  produced  from  carbonyl-labeled  acetone  at  the 
same  carbon  mol  %  employed  in  the  gas  phase  as  for  film 
A.  As  with  the  previous  samples,  the  total  gas-phase  "C 
enrichment  was  22%,  and  the  resulting  linewidth  is  close 
to  the  expected  value  for  a  22%  enrichment  in  the  solid 
phase.  Like  film  A,  produced  with  methyl  labeled  acetone, 
film  A'  has  an  sp^-bonded  carbon  concentration  below  our 
detection  limit,  gives  a  high-quality  Raman  spectrum  with 
strong  sp^  absorbance,  and  shows  a  highly  faceted  structure 
with  8  pm  rectangular  crystallites  by  SEM. 

The  incorporation  of  carbon  from  the  carbonyl  posi¬ 
tion  of  the  acetone  reactant  in  film  A'  raises  questions 
about  the  role  of  oxygen  and  the  chemistry  within  the 
reactor.  There  are  three  possible  pathways  for  carbonyl- 
carbon  incorporation  into  the  diamond  film,  as  CO  incor¬ 
porated  directly  from  the  gas  phase,  through  homogeneous 
gas-phase  conversion  to  a  precursor  species,  or  through 
heterogeneous  conversion  to  a  precursor  species. 

The  first,  direct  incorporation  of  CO  from  the  gas 
phase  might  be  expected  to  follow  a  pathway  analogous  to 
the  Boudouard  reaction, 

2COgas  — CO2  +  Csolid. 

for  soot  formation,  although  no  evidence  for  this  process  in 
diamond  growth  has  been  found. The  kinetics  of  the 
Boudouard  reaction  are  greatly  enhanced  by  surfaces  and 
iron  contamination,  suggesting  the  importance  of  hetero¬ 
geneous  chemistry. 

There  are  many  possible  routes  for  the  second  method 
of  incorporation,  homogeneous  carbon  scrambling,  but 
based  on  published  homogeneous  reaction  rate  constants 
for  CO  scrambling  in  the  literature,  these  are  likely  to  be 
slow.  In  addition,  through  isotopic  studies,  it  has  been 
shown  that  homogeneous  scrambling  of  CO  is  minimal."’*^ 
Homogeneous  scrambling  of  hydrocarbons  at  these  tem¬ 
peratures,  on  the  other  hand,  is  quite  rapid. One  final 
possibility  is  that  the  enol  form  of  the  acetone  reactant 
provides  a  pathway  for  homogeneous  carbon  conversion.^” 

The  presence  of  CO  in  the  gas  phase  during  diamond 
deposition  also  occurs  when  reactants  other  than  acetone 
are  used  in  the  gas  feed.  Harris  has  measured  a  CO  con¬ 
centration  of  O.Oll  mol  %  in  the  gas  phase  when  7.0 
mol  %  CH4  and  1.0  mol  %  of  O2  enters  the  reaction 
zone.^'  This  is  close  to  the  equilibrium  CO  concentration 
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FIG.  4.  (a)  SIMS  spectrum  taken  from  a  tanUlum  filament  exposed  to 
only  natural  '^C  abundance  acetone  shows  peaks  at  193, 19S,  197,  and  198 
u.  These  are  representative  of  Ta  '^C,  Ta  '^CH2,  TaO,  and  TaOH,  respec¬ 
tively.  (b)  SIMS  spectrum  taken  from  a  filament  initially  carburized  with 
natural  abundance  acetone  and  then  exposed  to  '^C-enriched  acetone, 
labeled  at  the  carbonyl  carbon,  shows  the  four  peaks  observed  in  spectrum 
(a)  as  well  as  additional  peaks  at  194  and  196  u.  These  represent 
Ta  '^C  and  Ta  '^CH}  and  show  that  heterogeneous  exchange  does  take 
place  in  the  filament. 


of  0.017  mol  %  at  the  filament  temperature  and  reactor 
pressure.  Similar  agreement  was  found  at  other  oxygen 
concentrations  checked  between  0%  and  3%.  However  the 
pathway  by  which  this  CO  would  form,  directly  from  car¬ 
bonyl  carbons  or  through  other  homogeneous  reaction,  has 
not  been  determined.  In  any  case,  the  fate  of  the  CO  car¬ 
bons  in  the  hot-filament  reactor  is  of  interest  since  the  CO 
species  is  expected  to  form  in  most  systems  containing  ox¬ 
ygen  in  the  feed  gas. 

We  have  used  secondary-ion  mass  spectrometry 
(SIMS)  to  evaluate  the  role  of  heterogeneous  exchange 
between  the  carburized  tantalum  filament  and  the  gas- 
phase  carbonyl-derived  carbons.  Since  the  filament  is  the 
highest-temperature  surface  in  the  reactor,  it  is  a  more 
likely  site  for  heterogeneous  reaction  than,  for  example,  the 
water-cooled  aluminum  reactor  walls.  The  SIMS  spectrum 
in  Fig.  4(a)  was  obtained  from  a  tantalum  filament  ex¬ 
posed  for  several  hours  to  an  unenriched  gas  feed  at  typical 
reactor  conditions.  The  peaks  at  193  and  195  u  represent 
Ta  "C  and  its  hydride  Ta  "CH2,  respectively,  while  TaO 
and  TaOH  appear  at  197  and  198  u,  respectively.  The 
SIMS  spectrum  of  a  tantalum  filament  exposed  to  unen¬ 
riched  acetone  and  hydrogen  for  several  hours  in  the  same 
manner  as  the  first  and  then  exposed  to  22% 
"C-enriched  acetone,  labeled  at  the  carbonyl  carbon,  and 
an  excess  of  hydrogen  for  several  hours  at  typical  operating 
conditions  is  shown  in  Fig.  4(b).  The  peaks  at  193,  195, 
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197,  and  198  u  appear  as  before.  Two  new  peaks  appear, 
however,  at  194  and  196  u,  indicating  the  presence  of 
Ta  '^C  and  Ta  '^CH2,  respectively.  Depth  profiling  of  the 
filament  to  greater  than  2000  A  gives  similar  levels, 
indicating  that  exchange  has  occurred  on  the  interior  as 
well  as  the  surface  of  the  filament.  The  complete  exchange 
at  the  filament  accounts  for  the  identical  degree  of  enrich¬ 
ment  in  films  produced  with  both  methyl-labeled  or  car¬ 
bonyl-labeled  ‘^C  acetone. 

Although  it  is  well  known  that  the  filament  carburizes 
initially,  heterogeneous  chemistry  continues  even  after  this 
initial  period.  Current  models  of  gas-phase  chemistry  do 
not  account  for  reactions  at  the  filament  surface.  For  spe¬ 
cies  near  equilibrium  in  the  hot-filament  reactor,  such  as 
C2H2,  variation  in  mechanisms  will  produce  only  small 
changes  in  predicted  species  concentrations.  However,  for 
other  species,  this  effect  should  be  considered. 

V.  CONCLUSIONS 

Nuclear-magnetic-resonance  spectroscopy  provides  a 
nondestructive  means  of  quantitatively  evaluating  diamond 
films.  As  gas-phase  carbon  concentration  increases,  the 
film  quality,  in  terms  of  sp^  content,  sp^-bonding  disorder, 
spin-lattice  relaxation  and  active  defect  concentration, 
strength  of  the  sp^  Raman  absorption,  and  SEM  observed 
morphology  is  observed  to  decrease.  The  hydrogen  incor¬ 
porated  into  these  films  cannot  account  for  these  variations 
in  the  range  of  carbon  concentrations  studied.  Isotopic  en¬ 
richment  can  be  used  to  decrease  sample  size  requirements 
and  spin-lattice  relaxation  times,  increasing  sensitivity  and 
decreasing  acquisition  times.  Selective  isotopic  labeling  was 
used  to  raise  questions  and  gain  insight  into  the  chemistry 
of  diamond  formation  as  well.  NMR  has  shown  that  the 
carbonyl  carbon  of  acetone  is  incorporated  into  the  grow¬ 
ing  film,  and  SIMS  has  been  used  to  show  that  heteroge¬ 
neous  exchange  reactions,  involving  the  carbonyl  carbon, 
occur  at  the  hot  filament. 
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Hydrogen  incorporated  into  polycrystalline  diamond  was  found  to  correlate  with  the  optical 
absorption  in  the  8  to  10  /im  wavelength  IR  region,  where  transparency  is  desired.  In 
this  first  detailed  study  of  diamond  films  by  'H  NMR,  average  concentrations  were  found  to 
be  <  0.2S  at.  %  H.  However,  segregation  produces  regions  of  extremely  high  local 
hydrogen  density  as  evidenced  by  a  broad  (SO-70  kHz)  Gaussian  NMR  component.  The 
majority  of  this  clustered  hydrogen  is  rigidly  held,  while  a  fraction  undergoes 
motional  narrowing  at  room  temperature,  most  likely  due  to  methyl  group  rotation.  Sites  at 
grain  boundaries  are  capable  of  accounting  for  a  significant  fraction  of  this  hydrogen, 
as  are  defects  and  voids  within  the  crystal  or  a  heavily  hydrogenated  phase  stable  at  the 
deposition  temperature. 


Polycrystalline  diamond  films  are  desired  for  many  ap¬ 
plications,  including  tribological  coatings,  x-ray  litho¬ 
graphic  membranes,  and  durable  infrared  (IR)  windows. 
These  films  are  usually  deposited  from  gas-phase  mixtures 
containing  predominately  hydrogen.  Although  the  role  of 
hydrogen  in  the  diamond  growth  process  has  been  the  sub¬ 
ject  of  much  speculation,*  less  attention  has  been  focused 
on  the  location  and  distribution  of  hydrogen  in  polycrys¬ 
talline  diamond.  This  information  should  provide  insight 
into  both  deposition  chemistry  and  the  effect  of  hydrogen 
incorporation  on  bulk  film  properties. 

Previously,  concentrations  of  <0.25  at.  %  H  in  poly¬ 
crystalline  diamond  films  were  measured  by  nuclear  reac¬ 
tion  analysis.^  In  contrast,  >  50  at  %  H  can  be  incorpo¬ 
rated  into  amorphous  carbon  films.'  This  difference  in 
hydrogen  content  reflects  both  the  increased  atomic  order 
and  higher  deposition  temperatures  of  the  polycrystalline 
film.  To  date,  Uttle  has  been  reported  on  hydrogen  bonding 
configurations  in  polycrystalline  diamond. 

This  letter  will  examine  if  the  low  concentrations  of 
hydrogen,  incorporated  during  hot-filament  diamond  dep¬ 
osition,  affect  optical  absorption  in  the  8  to  10  ptm  wave¬ 
length  IR  region,  where  transparency  is  desired.  In  this 
work,  quantitative  hydrogen  concentrations  and  inforra- 
tion  on  hydrogen  spacing  and  motion  are  provided  by  first 
detailed  'H  nuclear  magnetic  resonance  (NMR)  study  of 
diamond  films.  Gnnplementary  data  on  CH^,  stretching 
modes,  as  well  as  absorption  in  the  8  to  10  fxm  region,  were 
measured  by  Fourier  transform  infrared  (FTIR)  spectros¬ 
copy. 

The  diamond  films  were  deposited  from  a  feed  of  2% 
CH4  in  1.0  /ymin  H2  onto  a  rotating  1  in.  diameter  silicon 
substrate  positioned  4  mm  from  a  hot  tantalum  filament. 
For  each  film,  the  remaining  deposition  conditions  are 
listed  in  Table  I.  Then,  the  substrate  was  removed  by  a 
HF/HNO2  etch,  leaving  a  free-stending  film.  In  all  three 
samples,  large  (30  to  60  fim),  well-faceted  crystallites  were 
observed  by  electron  and  optical  microscopy,  while  film 


texture  was  observed  by  x-ray  diffraction.  Also,  a  sharp 
1332  cm  ~  '  Raman  line  and  a  36  ppm  sp^  '^C  NMR  peak, 
characteristic  of  diamond,  were  observed  for  all  three  films, 
while  spi^  bonded  carbon  concentrations  were  below  the 
detection  limit  of  both  techniques. 

The  Fourier  transformed  270  MHz  'H  NMR  spectra, 
shown  in  Fig.  1,  represents  —1500  signal  averages,  per¬ 
formed  at  5  s  intervals  since  all  spin-lattice  time  constants 
were  <  1  s.  By  eliminating  the  NMR  sample  tube  and 
purging  the  NMR  probe  with  dry  nitrogen,  the  back¬ 
ground  signal  was  reduced  below  the  detection  limit  of 
—5x10'^  H/sampie.  Integrating  these  spectra  yielded 
concentrations  ranging  from  0.017  to  0.219  at.  %  H  (Table 
I).  Each  spectrum  was  least-squares  fit  to  the  sum  of  a 
broad  Gaussian  and  a  narrow  Lorentzian  component.  The 
full-width  at  half-maximum  (FWHM)  and  at.  %  H  of 
each  component  are  also  given  in  Table  I.  These  two  line 
shapes  indicate  two  different  bonding  configurations  for 
hydrogen  in  polycrystalline  diamond. 

Figure  2  shows  the  IR  absorbance  spectra  for  samples 
A,  B,  and  C.  Absorbance  in  this  context  is  defined  as 
^  =  ln(  Tf/T)  where  T  is  the  measured  transmittance  and 


TABLE  I.  Summary  of  deposition  conditions  and  characterization  results 
for  the  three  diamond  films  studied. 


A 

B 

C 

Filament  tempera¬ 
ture  CC) 

2150 

2100 

2150 

Pressure  (Torr) 

300 

100 

too 

Film  thickness  ipm) 

190 

420 

342 

Growth  rate  (ftm/hr) 

3.96 

1.83 

1.38 

at.  %  H-Total 

0.219 

0.049 

0.017 

at.  %  H-Gaussian 

0.217 

0.047 

0.015 

at.  %  H-Lorentzian 

0.002 

0.002 

0.0012 

FWHM  (kHz) 

Gaussian 

51.5 

56.0 

66.5 

Lorentzian 

3.6 

4.1 

6.6 

Film  texture 

(100) 

<100) 

(110) 

560 
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FIG  I.  NMR  spectra  (solid  triangles)  of  samples  A,  B,  and  C  at  room 
temperature  normalized  to  the  same  peak  height.  The  best  lit  of  each 
spectrum  (solid  tine)  to  the  sum  of  a  broad  Gaussian  and  a  narrow 
Lorentzian  component  indicates  the  existence  of  two  different  hydrogen 
environments,  the  fraction  of  the  Gaussian  component  decreases  from 
sample  A  to  C  as  revealed  hy  the  increasing  sharpness  of  the  Lorentzian 
peak. 

7*0  is  an  appropriate  polynomial  base  line  fit  used  to  elim¬ 
inate  the  estimated  contributions  arising  from  internal  and 
surface  scattering  processes.  The  spectra  are  dominated  by 
two  phonon  absorptions  in  the  range  1333-2666  cm~' 
which  are  intrinsic  to  pure  diamond.  Below  1333  cm  ~ ' 
single-phonon  absorptions  are  observed  which  are  nor- 


FIG.  2.  IR  spectra  of  samples  A.  B,  and  C  revealing  the  one-  and  two- 
phonon  vibrations  as  well  as  a  CH,  stretch  absorption  peak.  The  intensity 
of  the  one-phonon  and  CH,  stretch  grow  with  the  increasing  NMR  mea¬ 
sured  'H  content. 
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FIG.  3.  For  sample  B,  the  'H  NMR  spectra  (solid  lines)  taken  at  300  and 
100  K  show  the  sharp  Lorentzian  component  broadens  as  temperature  is 
lowered,  consistent  with  the  behavior  of  rotating  methyl  groups.  A  300  K 
hole-burning  NMR  spectra  (dotted  line)  shows  uniform  attenuation  of 
both  components  of  the  line  shape  after  a  small  frequency  band,  has 
been  saturated,  indicating  spacial  proximity  of  the  two  hydrogen  environ¬ 
ments. 

mally  disallowed  in  pure  diamond.  These  absorptions  be¬ 
come  active  in  the  IR  in  CVD  diamond  films  as  a  result  of 
defects  which  disrupt  the  translational  symmetry  of  the 
host  lattice  and  have  been  discussed  in  detail  elsewhere.^ 
Hydrogenated  defects  are  one  of  many  potential  sources  of 
such  a  disruption.  In  Fig.  2,  the  intensity  of  the  one-pho¬ 
non  regions  is  observed  to  follow  the  same  trend  as  those  of 
the  CH;,  stretch  region  (28(X)-3(XX)  cm~ ')  and  the  CH, 
bending  modes  ( >  1340  cm  ~ as  well  as  the  NMR  de¬ 
termined  at.  %  H,  but  no  quantiutive  relationship  was 
found  between  any  pair  of  these  measurements. 

To  determine  if  these  two  hydrogen  environments  are 
spatially  isolated,  a  “hole-burning”  NMR  experiment  was 
employed.*  A  “hole”  in  the  NMR  spectrum,  1  kHz  wide 
and  30  kHz  from  the  center  of  the  line  shape,  was  created 
by  selective  saturation,  which  directly  reduces  only  the  in¬ 
tensity  of  the  broad  Gaussian  line  shape.  After  completing 
the  selective  saturation  and  allowing  a  2  ms  delay,  the 
magnitude  of  the  Lorentzian  component  will  be  attenuated 
only  if  rapid  dipolar  communication  occurs  between  pro¬ 
tons  in  the  two  environments,  requiring  short  <  S  A  inter- 
nuclear  distances.  The  observed  uniform  attenuation  of  the 
NMR  hole-burning  spectra  of  film  B,  shown  in  Fig.  3, 
indicates  that  both  bonding  configurations  for  hydrogen 
are  in  close  spacial  proximity. 

Rotational  or  translational  motion  involving  species 
containing  hydrogen,  such  as  H2,  H2O,  or  CH3  groups,  can 
produce  a  temperature-dependent  NMR  linewidth.  Figure 
3  shows  that  when  the  temperature  of  sample  B  is  de¬ 
creased  to  1(X)  K,  the  Lorentzian  component  is  broadened, 
while  the  Gaussian  component  is  not  significantly  affected. 
Thus,  at  room  temperature,  the  narrow  Lorentzian  line- 
shape  results  from  motional  averaging,  while  the  broad 
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Gaussun  line  indicates  rigidly  held  hydrogen.  NMR  relax¬ 
ation  studies  have  shown  that  methyl  groups  in  polymer 
systems,  while  capable  of  rapid  rotation  at  room  tempera¬ 
ture.  will  slow  sul^ently  at  100  K  to  produce  a  broadened 
line.’  Trai^ied  Hj,  as  observed  in  amorphous  silicon  films,* 
would  also  give  rise  to  a  narrow  line  at  room  temperature. 
Howe^,  this  line  would  not  be  significantly  broadened  at 
100  K.  No  evidence  of  absorbed  H2O  is  seen  in  the  IR 
spectra.  Hence,  the  narrow  Lorentzian  component  most 
likely  arises  frmn  methyl  groups,  which  rotate  at  room 
temperature. 

For  static  distributions  of  hydrogen,  such  as  CH  and 
CH2  bonded  in  a  rigid  polycrystalline  lattice,  the  van  Vleck 
equation’  for  a  Gaussian  line  shape  due  to  homonuclear 
dipolar  broadening  of  chemically  equivalent  protons  i  and 
j  reduces  to 


revealing  a  strong  dependence  on  r,y,  the  interproton  dis¬ 
tance.  Thus,  the  dipolar  linewidth  is  usually  dominated  by 
couplings  occurring  over  distances  of  <  10  A.  For  the 
polycrystalline  diamond  samples,  if  all  hydrogen  in  the 
Gaussian  component  were  distributed  uniformly  as  CH, 
the  resulting  FWHM  range  would  be  more  than  two  orders 
of  magnitude  narrower  than  observed.  Evenly  dispersed 
CH2  groups  would  only  give  rise  to  a  34  kHz  linewidth.* 
This  discrepancy  indicates  locally  high  hydrogen  concen¬ 
trations,  requiring  significant  segregation  of  hydrogen  in 
polycrystalline  diamond. 

The  local  hydrogen  concentrations  required  for  the  ob¬ 
served  linewidth  are  of  the  order  of  those  in  amorphous 
carbon  films,  in  which  3S  at.  %  H  gives  rise  to  78  kHz 
Gaussian  linewidth.*  However,  during  deposition,  the  sub¬ 
strate  temperature  exceeds  the  600  *C  anneal  required  to 
remove  CH,  from  amorphous  carbon  films'^  and  most 
likely  exceeds  the  800  *C  required  for  little  or  no  hydrogen 
to  remain  in  diamond-like  amorphous  carbon  films.'  ALk>, 
the  majority  of  intensity  in  the  CH,  stretch  region  occurs 
at  <  2960  cm  ~ indicating  H  is  bound  predominately  to 
sp^  carbon,  further  constraining  the  identity  of  such  a 
heavy  hydrogenated  phase. 

Another  possibility  is  a  hydrogen  passivated  diamond 
surface.  For  example,  a  60  kHz  FWI^  would  result  for 
four  nearest  neighbors  at  1.77  A,  equivalent  to  3x10*’ 
H/cm’,  within  the  range  of  atomic  surface  densities  possi¬ 
ble  for  different  diamond  orientations.  Unequal  hydrogen 
spacing  would  reduce  the  surface  density  required  for  a 
given  linewidth,  as  would  having  two  opposing  hydroge¬ 
nated  surfaces  in  a  microvoid  or  at  a  grain  boundary.  At 
this  surface  coverage,  a  grain  boundary  area  of  —3 
/imV/sm’  is  required  to  account  for  the  observed  0.046 
at.  %  H  in  film  B,  which  corresponds  to  the  surface-to- 
volume  ratio  of  2-/im-sided  crystallites.  The  density  of 
these  small  crystallites,  which  arise  from  secondary  nucie- 
ation  on  the  large  columnar  grain  structures,  differs  from 
film  to  film.  The  variation  in  dimension,  shape,  and  surface 
roughness,  coupled  with  orientation-dependent  surface 
density,  both  static  and  motionally  narrowed,  may  allow 


grain  boundary  sites  tc  account  for  a  significant  fraction  of 
the  observed  hydrogen.  Films  with  large  crystallites  and  a 
low  degree  of  secondary  nucieation  would  provide  the  low¬ 
est  grain  boundary  area  for  potential  hydrogen  passivation. 
The  chemical  structure  of  hydrogenated  surfaces  fueserved 
after  film  growth  is  complete  may  resemble  those  present 
during  deposition,  providing  a  potential  test  of  surface 
chemistry  growth  models. 

Film  growth  conditions  influence  hydrogen  incorpora¬ 
tion  in  polycrystalline  diamond.  Decreasing  the  filament 
temperature  by  S0*C  (film  B  to  C)  maintains  a  (110) 
orientation,  but  increases  the  growth  rate  by  30%,  incor¬ 
porating  2.6  times  more  hydrogen  (Table  I).  Changing 
deposition  pressure  from  1()0  to  3(X)  Torr  (film  C  to  film 
A)  has  the  more  dramatic  effect  of  producing  a  threefold 
increase  in  growth  rate  and  a  12-fold  increase  in  hydrogen 
content.  This  observation  is  consistent  with  previous  work 
where  increasing  CH4  pressure  during  deposition  led  to  an 
increased  absorption  in  the  CH,  stretch  region.'  Of  the 
three  films,  film  A  had  the  highest  density  of  small  (  <  3 
/rm)  secondarily  nucleated  crystallites,  providing  more 
grain  boundary  area  for  possible  hydrogen  passivation. 

In  conclusion,  these  polycrystalline  diamond  films  had 
low-average  bulk  concentrations  of  <0.2S  at.  %  H.  The 
NMR  spectra  reveal  that  hydrogen  is  segregated  into  re¬ 
gions  of  extremely  high  local  density.  The  majority  of  this 
hydrogen  is  rigidly  held  but  is  intermingled  with  a  smaller 
fraction  of  hydrogenated  species  undergoing  motional  nar¬ 
rowing  at  room  temperature,  most  likely  corresponding  to 
the  rotation  of  methyl  groups.  Sites  at  grain  boundaries  are 
capable  of  accounting  for  a  significant  fraction  of  the  hy¬ 
drogen,  as  are  defects  and  voids  within  the  crystal,  or  a 
heavily  hydrogenated  phase  stable  at  the  deposition  tem¬ 
perature.  Among  the  hot-filament  grown  films  studied, 
there  is  a  strong  qualitative  correlation  between  film 
growth  rate,  the  degree  of  secondary  nucieation,  the  con¬ 
centration  of  rigidly  held  hydrogen  measured  by  NMR  and 
the  absorption  in  the  one-phonon  region  of  the  diamond  IR 
spectra. 
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Quantitative  correiation  of  infrared  absorption  with  nuclear  magnetic 
resonance  measurements  of  hydrogen  content  in  diamond  films 
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Hydrogen  concentrations  in  polycrystalline  diamond  films  were  found  to  correlate  well  with  the 
integrated  intensity  of  the  CH-stretch  region  in  the  infrared  (IR)  spectrum  for  films  with  a  total 
hydrogen  content  <0.10  at.  %.  Comparison  of  IR  to  nuclear  magnetic  resonance  (NMR) 
measurements  yielded  an  effective  absorption  coefficient  for  the  CH-stretch  region  of 
4.3  ±0.8  X  10^  /  mol  ~  '  cm  ~  similar  to  literature  values  for  condensed-phase  hydrocarbons.  In 
several  films,  the  dominant  stretch  modes  occur  at  —2850  and  2920  cm"',  typical  of  CH, 
groups.  The  presence  of  these  modes  is  accompanied  by  an  increase  in  the  Gaussian  linevvidth 
in  the  NMR  spectrum,  indicating  a  decrease  in  the  interproton  spacings  within  the  film.  In  films 
with  higher  total  hydrogen  contents,  a  simple  linear  relationship  between  hydrogen  content  and 
intensity  in  the  CH-stretch  region  is  no  longer  applicable. 


I.  INTRODUCTION 

Polycrystalline  diamond  films  are  suitable  for  many  appli¬ 
cations,  including  those  requiring  transmission  in  the  8-10 
/im  region  of  the  infrared  (IR).  Most  other  materials 
which  are  transparent  in  this  region  are  soft,  making  dia¬ 
mond’s  durability  very  attractive.  However,  while  gem- 
quafity  diamond  exhibits  no  absorption  in  this  region,  syn¬ 
thetic  polycrystalline  films  often  do.  Increased  absorption 
in  the  8-10  ^tn  region  is  usually  associated  with  a  similar 
increase  in  absorption  in  the  CH-stretch  region,  qualita¬ 
tively  indicating  an  increase  in  total  hydrogen  content.'* 
In  this  paper,  we  extend  earlier  findings  and  report  the  first 
quantitative  correlation  of  the  infrared  absorption  in  the 
CH-stretch  region  and  the  total  hydrogen  content,  deter¬ 
mined  by  solid-state  nuclear  magnetic  resonance  (NMR) 
spectroscopy. 

Fourier  transform  infrared  (FTIR)  spectroscopy  is  an 
attractive  technique  for  analyzing  hydrogen  in  synthetic 
diamond  since  it  is  nondestructive  and  may  be  performed 
relatively  quickly.  In  addition,  FTIR  can  be  used  to  iden 
tify  specific  hydrocarbon  groups  responsible  for  absorp¬ 
tion.  Quantitative  information  may  also  be  obtained  for 
materials  with  similar  absorption  coefficients.  Absorption 
coefficients  observed  in  the  literature  for  systems  which 
may  be  similar  to  synthetic  diamond,  such  as  alkanes.' 
paraffinic  hydrocarbons,''  and  a-Si;C:H,’  show  only  small 
variation,  indicating  that  it  may  be  possible  to  identify  an 
effective  absorption  coefficient  characteristic  of  polycrystal¬ 
line  diamond  and  obtain  quantitative  information  from  the 
FTIR  spectrum  of  these  materials. 

Solid-state  NMR  spectroscopy  is  a  quantitative  method 
for  examining  hydrogen  contents  in  polyciystalline  dia¬ 
mond.  The  integrated  intensity  under  the  'H  NMR  line 
shape  is  directly  proportional  to  the  number  of  hydrogen 
nuclei  in  the  sample,  independent  of  bonding 
environment."’^  This  technique  is  also  nondestructive  but 
may  require  longer  sampling  times  than  those  used  in 


FTIR.  In  addition,  solid-state  NMR  equipment  is  not  rou¬ 
tinely  available  in  many  laboratories.  Thus,  it  would  be 
beneficial  to  determine  a  correlation  between  the  hydrogen 
content  measured  using  NMR  spectroscopy  and  the  inte¬ 
grated  absorption  in  the  infrared  spectrum. 

In  addition,  information  on  the  distribution  and  motion 
of  hydrogen  can  be  obtained  from  the  solid-state  NMR 
spectrum.  Earlier  work*  has  shown  that  the  'H  NMR  line 
shape  of  polycrystalline  diamond  contains  two  compo¬ 
nents.  One  is  a  narrow  Lorentzian  line  shape  most  likely 
caused  by  rotating  surface  methyl  groups.  The  second  is  a 
broad  Gaussian  component  rising  from  static  closely 
spaced  hydrogen  and  accounts  for  more  than  90%  of  the 
total  hydrogen.  It  has  been  proposed  that  hydrogenated 
grain  boundaries  may  account  for  a  significant  portion  of 
the  ’nydrogen  observed  in  this  component.* 

II.  EXPERIMENT 

•A  set  of  ten  polycrvstalline  diamond  films  (Table  I) 
were  produced  at  a  variety  of  conditions  in  a  hot-filament 
chemical  vapor  deposition  (CVD)  reactor,  yielding  dia¬ 
mond  films  with  varying  hydrogen  contents.  The  reactant 
gas  contained  between  1%  and  2%  methane,  diluted  in 
hydrogen.  For  each  run.  the  tantalum  filament  was  placed 
between  3  and  4  mm  from  the  substrate,  and  the  filament 
temperature,  measured  by  optical  pyrommetry,  was  be¬ 
tween  2100  and  2475  K.  resulting  in  growth  rates  ranging 
from  1  to  4  ftm/h.  For  nine  of  the  samples,  the  total  pres¬ 
sure  was  1(X)  Torr,  while  the  tenth  sample,  film  J.  was 
deposited  at  300  Torr.  The  1  in.  silicon  wafer  substrate  was 
rotated  to  improve  film  uniformity.  After  growth,  the  sub¬ 
strate  was  etched  away  in  a  solution  of  HF/HNO^.  leaving 
a  free  standing  diamond  film  between  45  and  600  /tm  thick. 
Scanning  .electron  microscopy  (SEM)  showed  crystallites 
between  1  and  100  fim.  with  thinner  films  showing  smaller 
crystallites.  Secondary  nucleation  resulted  in  small  2  to  3 
/im  crystallites  also  being  observed  in  some  of  the  thicker, 
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Table  I.  Proem  conditions  for  ten  polycrystailine  diamond  films. 


Film 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

Dj  ,  (mm) 

3.5 

4 

4 

4 

4 

4 

3 

3 

3.5 

4 

T,  (K) 

2425 

2425 

2375 

2475 

2150 

2375 

2375 

2200 

2100 

2150 

P  (Torr) 

100 

too 

100 

100 

100 

100 

100 

100 

100 

300 

d  (fim) 

600 

342 

45 

50 

135 

420 

350 

83 

50 

135 

(Rate)c 

(^tm/h) 

1.75 

1.38 

1.87 

1.78 

1.83 

1.52 

2.07 

1.06 

3.96 

larger  grain  size  films.  The  high  quality  of  these  films  was 
confirmed  by  Raman  and  '^C  NMR  spectroscopy,  yielding 
sharp  1 332  cm  “  *  lines  and  36  ppm  sp^  resonances'*  and 
little  evidence  of  sp'  bonded  carbon. 

Hydrogen  contents  for  the  films  were  obtained  by  solid- 
state  NMR  as  described  in  our  earlier  work.*  Comparison 
of  the  total  integrated  area  under  the  'H  NMR  line  with 
that  of  a  polymethyl-methacrylate  (PMMA)  standard  en¬ 
ables  us  to  determine  the  number  of  hydrogen  nuclei 
within  the  sample.  Spectra  were  obtained  on  a  270  MHz 
home-built  'H  NMR  spectrometer.  Approximately  1500 
signal  averages,  performed  at  5  s  intervals,  achieved  the 
desired  level  of  signal-to-noise.  The  5  s  interval  was  chosen 
to  allow  the  system  to  come  to  equilibrium  with  the  static 
magnetic  field  between  experiments,  since  the  spin-lattice 
relaxation  time  constant  for  these  films  is  <  1  s.  Spin-lattice 
relaxation  time  constants  Tj  were  determined  using  the 
inversion  recovery  technique  and  subsequent  application  of 
the  Bloch  equation^ 


M(t)  -M^ 
Mq-M^ 


=  cxp(  -  f/r,). 


(I) 


where  ,V/(f)  is  the  net  magnetization  parallel  to  the  exter¬ 
nal  magnetic  field  at  time  /:  is  the  equilibrium  magne¬ 

tization;  and  Mq  is  the  initial  magnetization  at  time  f  =  0. 
The  detection  limit  for  'H  in  our  spectrometer  is  lO’^  pro¬ 
tons.  For  a  film  with  0.05  at.  %  ‘H  this  corresponds  to  ~4 
mg  or  1.13X  10"^  cm^ 

FTIR  spectra  were  obtained  for  all  samples.  Contribu¬ 
tions  due  to  surface  and  internal  scattering  processes  were 
estimated  using  an  appropriate  polynomial  base  line  fit. 
The  absorbance  A  is  then  defined  as  <4  =  \n(Ta/T).  where 
T  is  the  measured  transmittance;  and  Tq  refers  to  the  base 
line  fit.  The  frequency  range  of  the  spectra  extends  from 
1000  to  3500  cm  “  ‘.  Two-phonon  absorption,  intrinsic  to 
pure  diamond,  occurs  in  the  range  1333-2666  cm  “  '.  Below 
1333  cm"  ',  absorptions  in  pure  diamond  are  disallowed 
due  to  lattice  symmetry.  These  lower  wave  number  absorp¬ 
tions  appear  in  synthetic  diamond  as  a  result  of  defects 
and/or  impurities  which  disrupt  the  symmetry  of  the  host 
lattice.  Absorption  in  this  region  is  observed  to  follow  the 
trends  observed  in  the  region  between  2750  and  3050 
cm  ~  known  as  the  CH-stretch  region.^  It  is  the  absorp¬ 
tion  in  the  CH-stretch  region  which  correlates  with  the 
hydrogen  content  measured  by  NMR  spectroscopy. 


III.  RESULTS  AND  DISCUSSION 

Three  representative  'H  NMR  spectra  are  shown  in  Fig. 
1.  The  total  area  under  these  spectra  is  directly  propor¬ 
tional  to  the  number  of  hydrogen  atoms  in  the  film  and 
decreases  in  these  three  samples  from  I  to  H  to  B.  In 
addition,  these  spectra  and  those  of  the  remaining  samples 
are  well  represented  by  two  components,  a  narrow  Lorent- 
zian  and  a  broad  Gaussian,  as  observed  previously.'  This  is 
shown  by  the  solid  line  least-squares  fit  to  the  data.  The 
theoretical  full-width  at  half-maximum  of  the  Gaussian 
(FWHMp)  component  can  be  calculated  using  the  Van 
Vleck  equation^  which  reduces,  for  a  polycrystailine  mate¬ 
rial  with  densely  spaced  protons,  to 


Frequency  (kHz) 


FKj.  I.  SoliJ-MJ(e  hydrogen  NMR  spectra  for  three  representative  dia¬ 
mond  films.  I.  H.  and  B.  respectively  from  the  top  of  the  figure.  The 
dashed  line  represents  the  data,  while  the  .solid  line  represents  the  best 
iwo-compr'iient  fit  to  the  data.  The  Gaussian  component  may  be  attrib¬ 
uted  to  closely  spaced  static  hydrogen,  while  the  Lorenizian  may  be  at¬ 
tributed  to  mobile  surface  methyl  groups  (Ref.  2).  The  area  under  the 
curve  IS  directly  pro(sorlioiiul  to  the  hydrogen  content  in  the  sample. 
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Table  II.  Data  from  IR  and  NMR  measuremenia  for  ten  polycryatallinc  diamond  films.'' 


Film 

A 

B 

c 

D 

E 

F 

G 

H 

1 

J 

at.  %  H 

<0.001 

0.017 

0.031 

0.039 

0.043 

0.049 

0.067 

0.078 

0.136 

0.219 

at.  %  He 

<0.001 

0.013 

0.022 

0.033 

0.036 

0.047 

0.038 

0.038 

0.129 

0.217 

FWHMc 

(kHz) 

66.3 

62.2 

38.0 

71.7 

36.0 

71.3 

36.1 

69.7 

31.3 

'lot 

3.47 

3.11 

4.86 

3.49 

3.38 

3.43 

4.37 

6.49 

7.06 

( X  lO'  /  mol  ■  ‘  cm  ’) 
Asymm.  CH. 

w 

w 

w 

s 

w 

s 

s 

s 

w 

‘C  =  Gaussian  componanl;  w  =  weak;  s  strong. 


FWHMc=  189.6(  I /-"M  kHz  (2) 

V  Mi  ' 

showing  the  strong  increase  in  linewidth  as  the  interproton 
spacing  r^j  decreases.  Therefore,  information  about  the  dis¬ 
tribution  of  hydrogen  within  the  film  can  be  obtained  by 
comparison  of  the  calculated  FWHMg  for  a  given  config¬ 
uration  with  that  measured  experimentally.  The  experi¬ 
mental  Gaussian  linewidth  and  total  hydrogen  content  of 
each  film  is  given  in  Table  II.  Measured  values  of  the 
FWHMc  arc  large,  falling  within  the  range  of  50  to  70  kHz 
corresponding  to  an  average  interproton  spacing  of  1.9  to 
2.0  A,  significantly  smaller  than  those  predicted  for  ran¬ 
domly  distributed  hydrogen  at  the  observed  concentra¬ 
tions.  This  indicates  a  locally  high  hydrogen  concentration, 
requiring  significant  segregation  of  hydrogen  within  dia¬ 
mond  films.’ 

One  possibility  is  that  hydrogen  segregates  at  grain 
boundaries  in  polycrystalline  diamond.  For  uniformly 
spaced  hydrogen,  a  60  kHz  FWHM^  corresponds  to  a  sur¬ 
face  density  of  3X  lO”  H/cm%  which  is  in  the  range  of 
values  possible  for  various  orientations  of  diamond  sur¬ 
faces.  Unequal  spacing  of  hydrogen  and  opposing  grain 
boundaries  would  tend  to  reduce  this  density  requirement. 

Assuming  only  surface  hydrogen  at  a  density  of  3x  lO'' 
H/cm’,  Fig.  2  shows  the  average  at.  %  H  of  a  film  com¬ 
posed  of  simple  cubic  crystallites  as  a  function  of  crystallite 
size.  The  crystallite  size  required  for  the  range  between  our 
detection  limit  and  a  hydrogen  content  of  0.22  at.  %  is  0.5 
to  150/xm.  which  compares  favorably  to  observed  crystal¬ 
lite  sizes.  As  the  hydrogen  conter'  in  the  film  increases,  the 
observed  crystallite  size  in  the  scanning  electron  micro¬ 
graph  (SEM)  decreases.  Figure  3  shows  the  SEMs  of  sam¬ 
ples  A,  D,  and  J  which  contain  <0.001,  0.039,  and  0.219 
at.  %  H,  respectively.  The  average  grain  sizes  obserLed  in 
these  films  are  approximately  100,  15.  and  <  1  /am,  respec¬ 
tively,  consistent  with  the  predictions  in  Fig.  2.  Variations 
in  crystal  shape,  dimension,  orientation,  and  surface 
roughness  in  real  polycrystalline  films  may  allow  grain 
boundary  sites  to  account  for  large  portions  of  the  hydro¬ 
gen  incorporated  into  these  films. 

Figure  4  shows  the  IR  spectra  in  the  CH-stretch  region 
(2750-3050  cm  “  ')  for  the  three  films  whose  NMR  spectra 
are  shown  in  Fig.  1.  Film  I  has  the  second  highest  hydro¬ 
gen  content  of  all  the  films  studied,  and  shows  an  intense 
CH-stretch  absorption.  Films  H  and  B  show  weaker  ab¬ 


sorptions  in  the  CH-stretch  region,  indicating  lower  hydro¬ 
gen  contents  in  agreement  with  NMR  determinations.  In 
addition,  no  absorptions  corresponding  to  sp'  bonded  CH^ 
groups  (  >  3(XX)  cm  "  ' )  appear  in  any  of  the  IR  spectra. 
Both  films  I  and  H  exhibit  strong  absorption  modes  at 
2850  and  2919  cm  ~  due  to  the  symmetric  and  asymmet¬ 
ric  stretches  of  sp^  bonded  CHi  groups,  respectively.’  Sev¬ 
eral  other  films  show  similar  absorptions,  as  indicated  in 
Table  II.  Film  B,  like  the  remaining  films  in  Table  II,  does 
not  show  the  strong  CH^  absorptions.  All  films  show  some 
evidence  of  a  shoulder  at  ~  2960  cm  " which  may  be 
attributed  to  the  asymmetric  stretch  of  CHj  groups.’  This 
is  particularly  pronounced  in  the  spectrum  of  film  H  (Fig. 
4)  and  is  consistent  with  the  interpretation  of  the  Lorent- 
zian  component  of  the  NMR  line  shape  as  a  mobile  surface 
methyl  group.’ 

Several  features  were  noted  in  the  IR  spectra  outside  of 
the  CH-stretch  region  (see  Fig.  5).  Absorption  in  the  8-10 
fim  region  was  qualitatively  observed  to  increase  with  in¬ 
creasing  absorption  in  the  CH-stretch  region,  consistent 
with  earlier  findings.’  "  Several  films  showed  a  weak  absor¬ 
bance  at  —  16(X)  cm  “  which  is  often  associated  with  the 
stretching  mode  of  a  C=C  double  bond  (see  Fig.  5).”  Both 
'^C  NMR  and  Raman  spectroscopy,  however,  failed  to 


FlO.  2.  .A  plot  of  the  cnsiullite  size  required  to  provide  suiTicieni  surface 
area  with  a  surface  coverage  of  .1\  10'*  H/cm"  lo  accouni  for  ihe  ob¬ 
served  average  ai.  T  H,  The  range  of  sizes  required  beiueen  our  deicctioii 
limit  and  0.22  at.  *7  H  is  -0.5  to  150  /im.  The  evpenmenially  observed 
grain  sizes  in  polverystalline  diamond  films  fall  into  this  range. 
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Fui.  3.  Scanning  electron  micrographs  (SEMs)  of  samples  A.  D.  an<J  J. 
demonstrating  the  ohsers-ed  decrease  in  crystallite  size  with  increasing 
total  hydrogen  content.  The  magnification  for  samples  A  and  O  is  300  \ . 
while  the  magnification  for  sample  J  is  3000 x.  The  total  hydrogen  con¬ 
tents  for  these  films  are  <0.l*)I.  0.03*<.  and  0.2 1'3  at.  respectively, 
while  the  average  grain  sizes  arc  approximately  t(X).  1.1.  and  <  I  /<m. 
respectively. 


Wave  Number  (cm  ** ) 

Flu.  3.  IR  spectra  of  film  J  over  full  range  from  1000  to  3300  cm  ' 
showing  the  greatest  absorption  observed  in  all  ten  samples  in  both  the 
CH-siretch  and  the  8-10  fim  region.  Absc'rption  is  also  observed  at 
-  IbCX)  and  at  2820  cm  '  the  source  of  which  is  not  well  understood. 
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Table  III.  Comparison  of  diamond  absorption  coefficient  with  literature 
values. 


Species 

/txlO  ’ 

(/cm  ■  Vmol  of  CH  bunds) 

CH]  in  /i-octane  (Ref.  3) 

3.6 

CH]  in  paraffinic  hydrocarbons  (Ref  4) 

3.75 

CH  in  a-Si:CH  (Ref.  3) 

2.83 

CH,  in  polycrystalline  diamond  (Fig.  4) 

4,3 

natural  type  Ilb  diamond  to  allow  this  semiquantitative 
calculation.  This  absorption  coefficient  can  be  defined  as' 

Aa=\/cja(,v)dv,  (3) 

where  c  is  the  concentration  of  C-H  bonds  in  mol 
fa(.v)dv  is  the  integrated  intensity  of  the  CH-stretch  re¬ 
gion  in  cm  ~  and  A^g  is  in  / mol  “  '  cm  ~  Values  of  A^g  for 
each  film  are  given  in  Table  II.  For  samples  with  hydrogen 
contents  <  0. 10  at.  %,  the  values  for  A^g  are  4. 1  ±  1 .4  x  10^ 
/mol  ~  '  cm  “  Literature  values  of  A  for  a  variety  of 
condensed-phase  carbon-hydrogen  compounds  are  given 
in  Table  III.  The  absorption  coefficient  determined  for 
polycrystalline  diamond  is  in  good  agreement  with  those 
given  for  alkanes  and  for  CH2  in  paraffinic  hydrocarbons. 

Correlation  of  the  intensity  in  the  CH-stretch  region 
with  the  NMR  determined  total  hydrogen  content  indi¬ 
cates  that  a  majority  of  the  hydrogen  is  covalently  bound 
to  carbon.  The  integrated  intensities  in  the  CH-stretch  re¬ 
gion  and  the  total  at.  %  H,  for  samples  containing  <0.10 
at.  %  H,  are  shown  in  Fig.  6.  The  linear  least-squares  fit  to 
the  data  gives 


Integrated  Intensity  CH-Stretch 
(cm'2,  by  IR) 


Fic.  6.  A  plot  of  local  hydrogen  content,  determined  from  the  integrated 
area  under  the  NMR  line,  vs  integrated  absorption  in  the  CH-sireich 
region  and  the  line  corresponding  to  a  linear  least-squares  regression.  The 
effective  absorption  coefficient  determined  from  the  slope  of  the  line  is 
4.3 ^ 0.8 X  10' /mol  'em  ^  similar  to  literature  values  for  condensed- 
phase  hydrocarbons.  This  correlation  is  only  applicable  when  hydrogen 
content  is  <0.10  at.  %  and  becomes  more  complex  at  higher  hydrogen 
content. 


ia(v)dvX\0-^ 

^  4.3 ±0.8/  mol“'cm“^ 

for  the  total  hydrogen  content.  The  concentration  c  is 
given  in  mol  /~ '  which  can  be  converted  to  atomic  frac¬ 
tion  by  dividing  by  (c  292)  based  on  a  diamond  concen¬ 
tration  of  1.76  X  10^^  atom  cm  “  Thus,  the  hydrogen  con¬ 
tent  can  be  estimated  directly  from  the  IR  spectra  when 
the  integrated  intensity  of  the  CH-stretch  absorption  is  be¬ 
low  —  1 500  cm  ~ 

Both  films  with  hydrogen  contents  >0.10  at.  %  yield 
absorbance  values  which  fall  outside  of  the  above  range. 
Figure  5  shows  the  IR  spectrum  of  one  of  these,  film  J.  The 
NMR  determined  hydrogen  content  for  this  sample  is  ap¬ 
proximately  half  that  predicted  by  Eq.  (3)  as  indicated  by 
the  calculated  absorption  coefficient  for  this  film,  7.1  X  10^ 
/mol“‘cm~^  (Table  II).  Similar  discrepancy  is  found 
for  film  I,  as  well.  Thus  the  correlation  in  Eq.  (4)  is  only 
accurate  over  the  investigated  range  where  at.  %  H  <  0. 10. 
Additional  information  is  required  to  determine  higher  hy¬ 
drogen  concentrations  from  the  absorption  in  the  CH- 
stretch  region. 

Film  J  differs  from  the  remainder  of  the  films  in  that  it 
was  produced  at  a  higher  pressure  of  300  Torr  which  re¬ 
sulted  in  a  higher  growth  rate.  In  addition,  the  orientation 
of  the  film  is  (100)  textured,  while  the  other  nine  films 
show  a  (110)  texture.  The  CH-stretch  region  of  the  IR 
spectrum  of  film  J  is  also  atypical.  While  the  absorbance  of 
the  symmetric  and  asymmetric  CHj  groups  are  still 
present,  additional  absorbance  is  present  at  ~2875  cm"  ‘, 
typical  of  the  symmetric  CHj  absorption’  and  a  strong 
absorption  is  observed  at  ->2820  cm  " The  source  of  this 
absorption,  which  is  present  but  much  weaker  in  several 
other  samples  (Fig.  4),  is  unclear.  Literature  values  for 
absorption  of  CH,  groups  are  normally  above  2840 
cm  "  It  is  possible  that  the  intensity  at  2820  cm  "  '  is 
a  combination  band  of  the  absorptions  observed  at  1445 
and  1375  cm"  '  (Fig.  5).  Normally,  such  bands  arc  weak, 
but  they  can  be  enhanced  by  the  presence  of  absorption  at 
a  nearby  frequency.  Such  combination  bands  in  the  CH- 
stretch  region  would  cause  Eq.  (4)  to  underpredict  the 
hydrogen  content  as  is  observed.  The  2820  cm  "  '  absorp¬ 
tion  decreases  at  lower  hydrogen  contents,  where  a  good 
correlation  between  the  intensity  of  the  CH-stretch  absorp¬ 
tion  and  the  hydrogen  content  is  observed. 

IV.  CONCLUSION 

In  conclusion,  we  have  observed  low  hydrogen  contents 
and  a  characteristic  two-component  NMR  line  shape  in 
eVD  diamond  samples.  We  have  shown  that  the  absorp¬ 
tion  in  the  CH-stretch  region  of  the  IR  correlates  well  with 
the  total  hydrogen  content  in  the  films  as  measured  by 
NMR  for  films  containing  <0.10  at.  %  hydrogen,  indicat¬ 
ing  that  a  majority  of  the  hydrogen  in  the  sample  is  co¬ 
valently  bound  to  carbon.  The  effective  absorption  coeffi¬ 
cient  for  diamond  films  in  this  range  is  4.3±0.8xl0'' 
(  mol  "'em"',  similar  to  literature  values  for  condensed- 
phase  hydrocarbons.  At  higher  hydrogen  content,  this  sim¬ 
ple  correlation  to  the  intensity  of  the  CH-stretch  region  no 
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longer  holds,  and  additional  information  is  needed  to  de¬ 
termine  the  hydrogen  content  in  CVD  diamond  Alms. 
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SYNTHESIS  OF  FULLERENES  (Cm  AND  Cw)  BY  COMBUSTION 
OF  HYDRCX^RBONS  IN  A  FLAT  FLAME  BURNER 


S.  Min.  C.  J.  Pope.  K.  K.  Gleason.  Y.  Makarovsky.  A.  L  Lafleur.  and  J.  B.  Howard, 
Depanment  of  Chemical  Engineering,  Onier  for  Environmenud  HeaM  Sciences  ud  Energy 
Laboratory,  M.I.T.  Cambridge,  MA  021 39. 


ABSTRACTT 

Fuiierene  (Cm  and  Cto)  synthesis  by  combustion  of  ethylene  and  benaene  in  a  flat  flame 

burner  was  investigated.  This  method  of  fuiierene  synthesis  is  particuiarly  attractive  because 
of  iu  potential  of  scale  up.  Also  the  ability  to  change  the  flame  conditions  and  control  the 
yield  of  Cm  and  Cn  makM  this  method  versatile.  No  fullerenes  were  found  in  soot  samples 
collected  from  the  ethylene  flartte.  However,  fullerenes  were  formed  in  a  benaene  flame  with 
C/0  *  0.88  and  operated  at  40  tort,  with  cold  gas  velocity  of  2S.3  cm/s  (273  K)  and 
containing  10%  a^on.  The  concentration  of  fullerenes  in  this  flame  was  found  to  depend 
strongly  on  the  hei^t  above  the  burner  surface.  It  exhibited  a  strong  maxima  at  about  1.0  cm 
above  the  burner  height  suggesting  the  presence  of  both  growth  and  destntction  mechanisms. 


INTRODUCmON 

When  carbon  vapor  is  formed  in  an  inert  gas  atmosphere  (argon  or  helium)  either  by  laser 
irtadiation  1 1 1  or  by  resistive  heating  of  graphite  (2-4|,  fullerenes  (Cm  and  Cto)  w  fo^  to 
be  formed.  In  addition,  macroscopic  quantities  of  both  Cm  >nd  Cto  have  now  also  been 
synthesized  in  flames  opeiating  over  a  wide  range  of  conditions  (S).  The  possibility  that 
fullerenes  can  be  generated  in  flames  was  flrst  suggested  1^  Smalley  and  his  cowoifcers  (6,7) 
and  by  Kroto  and  McKay  (8|.  Indeed.  a)l*carbon  ions  having  the  same  m/t  ratio  as  fullerenes 
were  subsequently  detected  by  mass  spectroscopy  in  sooting  acetylene  and  benzene  flames  by 
Homann  and  coworfcers  (9.10|. 

An  advanuge  of  synthesizing  fullerenes  in  flames  lies  in  the  fact  that  by  tuning  the  flame 
conditions,  the  fuiierene  yield  can  be  varied.  Also,  since  design  of  industrud  scale  burners  is 
an  esublished  technology,  fuiierene  synthesis  by  combustion  offers  the  possibility  of  scale 
up.  Hence,  an  understanding  of  the  processes  leading  to  fuiierene  synthesis  in  flames  is 
pvticularly  importam. 

The  yield  of  both  Cm  uid  C70  depends  on  the  chamber  pressure,  equivalence  ratio 
(normalized  OO  ratio),  temperature  and  the  residence  time  in  flames  iS.I  I ).  In  this  work  we 
investigated  the  formation  of  fullerenes  as  a  function  of  residence  time  in  the  flame.  Soot 
samples  were  collected  with  a  quvtz  probe  at  different  heights  above  burner  (h)  from  a 
moderately  sooting  benzenefoxygen/argon  and  ethylene/oxygen/argon  flame.  The  exnacted 
soot  was  weighed  and  sonicated  in  toluene.  Both  Cm  and  C70  ue  easily  soluble  in  toluene 
and  their  amount  was  estimated  from  high  performance  liquid  chromatography  (HPLC) 
measurements.  The  experimental  details  are  described  below. 


EXPERIMENTAL  DETAa^S 

Premixed  laminar  benzene/oxygen/argon  and  ethylene/oxygen/argon  flames  were 
subilized  on  a  water  cooled  burner.  The  burner,  which  was  designed  to  produce  a  one¬ 
dimensional  flat  flame,  wu  a  circulv  copper  plate  of  diameter  10  cm  with  1  mm  holes  drilled 
on  the  surface  at  recular  intervals.  It  had  two  separate  reeions.  The  inner  core  rezion  (of 
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diameter  7.0  cm)  supponed  the  experimental  Hame  while  a  non-sooting  ethylene/oxygen 
name  was  burned  in  the  outer  annular  region.  The  outer  flame  acted  as  a  shield  to  the  core 
flame  allowing  it  to  be  approximated  to  a  one-dimensional  flame.  This  ensured  that  both 
temperature  and  species  concentration  varied  only  with  the  distance  from  the  burner  surface. 
The  entire  burner  was  placed  in  a  steel  chamber  which  was  connected  to  a  vacuum  pump.  All 
flames  were  operated  under  subatmospheric  pressures.  The  details  of  the  burner  and  die  fuel 
delivery  system  can  be  found  elsewhere  {12]. 

The  flame  charaaeristics  depend  on  a  number  of  paranneten.  The  flairw  conditions 
dmnd  on  (a)  ^uivalence  ratio,  (b)  pressure,  (c)  cold  gas  velocity,  and  (d)  diluent  The 
effect  of  the  various  paranteters  are  de^bed  briefly. 


Equivalence  ratio  fd) 


This  quantity  describes  the  carbon  to  oxygen  ((TO)  ratio  of  the  flame  and  is  defined  as  the 
actual  fuel  to  oxidant  ratio  noimalized  with  respect  to  the  stoichiometric  ratio  and  is  controlled 

by  the  amount  of  fuel  and  oxygen  that  is  fed  to  the  burner.  As  0  is  increased  the  flame 
changes  fiom  non  sooting  to  heavily  sooting.  The  onset  of  sooting  for  benzene  under  present 
conditions  is  at  0  ■  1 .9  (i.e.  (TO  «  0.76)  and  is  called  the  critical  equivalence  ratio. 


Pressure  (P) 

Pressure  is  an  important  parameter  that  must  be  controlled  carefully.  Many  chemical 
processes  in  flames,  including  those  in  which  collision  activation  or  subilization  is  important. 
(e.g.  radical  recombination  and  unimolecular  isomerization)  depend  on  the  operating 
pressure.  An  increase  in  pressure  increases  the  rate  of  bimolecular  coagulation  of  soot 
particles  and  their  polyaromatic  precursors  thus  increasing  the  soot  produced  in  the  flame. 

Note  that  the  critical  value  of  0  at  which  sooting  begins  is  not  affected  by  pressure. 


(T>M  gas  velocity  (V) 

For  a  given  burner  of  surface  area  A.  the  total  gas  flowrate  deteimines  v.  As  v  is 
increased,  the  flame  fnmt  subilizes  farther  from  the  burner  surface  and  the  heat  lost  to  the 
water  cooled  burner  surface  decreases.  Consequently,  the  flame  bums  hotter. 


EfftciflfdUiicm 

An  inen  gas.  argon  in  this  work,  is  generally  added  to  the  premixed  gas  mixture.  Its 
ridition  affecu  the  rate  of  reaction  by  providing  additiorud  third  bodies  thereby  accelerating 
radical  recombination  which  reduces  the  rascal  pool  and  thus  slowing  down  all  the  flame 
proces^.  The  thermal  conductivity  of  the  diluent  gas  also  plays  an  important  role  since  its 
determines  the  amount  of  hetf  that  is  conducted  away. 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Premixed  laminar,  flames  of  ethylene  and  benzene  were  investigated  in  this  work.  In 
either  cases  argon  was  added  as  a  diluent.  The  soot  samples  were  collected  with  a  quaru 
probe  tapered  to  a  0.08  cm  diameter  orifice  at  its  tip.  The  probe,  whose  inner  surface  was 
lined  with  an  aluminum  foil  and  pyrex  wool,  was  connected  to  a  vacuum  pu^  and  the  flame 
gas  pulled  through  the  probe  was  collected  in  an  invened  water  column.  Since  the  probe  is 
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assumed  to  collect  samples  from  a  position  located  about  2.5  times  its  orifice  diameter 
upstream  of  its  tip,  all  heights  above  burner  (h)  values  quoted  in  this  work  have  been 
corrected  accordingly.  Once  soot  samples  are  collected,  u>luene  was  added  and  the  fullerenes 
were  extracted  by  sonicatian. 


Ethylene: 

Two  moderately  soodng  flames  were  operated  at  P  =  40  torr,  v  »  2S.3  ±  0.2  cmfs  at  296 
K  with  10%  argon  and  C/0  ratios  of  1.3  (6  »  3.9)  and  I.O  (9  ^  3.0).  In  both  cases,  soot 
samples  were  collected  from  the  chamber  walls  and  with  a  quartz  probe  placed  4.0  cm  above 
the  burner  surface.  The  samples  were  analyzed  using  the  procedure  described  above  and 
there  was  no  evidence  of  fiillerene  formation  in  either  flames. 


Benzene: 

A  sooting  benzene  flame  containing  10%  argon  operating  at  40  lonr,  v  >  25.3±0.2  cm/s  at 
273K,  and  C/O=0.88  (9«2.2)  was  studied  in  considerable  detail.  Soot  samples  of  mass 
ranging  from  2.4  to  12.5  mg.  were  collected  at  different  values  of  h  and  the  fullerenes  were 
extracted  by  sonicaiion  of  the  soot  samples  in  toluene  and  the  content  esamaied  1^  HPLC. 

A  flame  is  a  region  of  sharp  thern^  and  concentration  gradients.  The  variation  of  the 
volume  fraction  of  soot  F,  (which  is  defined  as  the  ratio  of  the  volume  of  the  soot  collected 
and  the  corresponding  volume  of  flame  gas  pulled  through  the  probe)  and  the  flame 
temperature  at  various  heighu  above  burner  is  shown  in  Fig.l.  The  temperature  profile 
shown  here  was  taken  from  an  earlier  work  on  an  identical  flame  112].  Note  that  the 
temperature  profile  exhibits  a  maxima  at  1.0  cm  above  the  burner  surface  while  the  measured 
value  of  Fv  is  the  largest  at  about  0.S  cm  from  the  surface.  The  general  trend  of  Fy  is  in  good 
agreement  with  the  results  of  McKinnon  which  clearly  show  a  peak  in  this  region  of  the 
flame. 

The  gas  phase  concentration  of  both  Cm  and  C70  in  the  flame  as  a  function  of  the  height 
above  burner  (h)  is  shown  in  Fig.  2  and  contains  several  imponant  features.  Rrst,  the 
concentration  of  C70  is  greater  than  that  of  Cm  at  all  values  of  h.  This  result  should  be 
contrasted  with  other  commonly  used  methods  of  fullerene  synthesis  like  laser  irradiation  and 
resistive  heating  of  graphite  where  Cm  is  more  abundant  than  Cro-  The  molar  ratio  (R)  of 
C70  and  Cm  as  a  function  of  position  in  the  flame  is  demonstrated  in  Fig.  3.  It  is  clear  that 
C70  is  more  prevalent  than  Cm  in  benzene  flames  operated  under  a  wide  range  conditions 
(5,11,131. 

The  second  interesting  feature  in  the  profile  in  Fig.  2  is  the  presence  of  a  strong  peak  1.0 
cm  above  the  burner  sutnwe.  Note  that  though  most  soot  was  collected  0.5  cm  above  the 
burner  surface  (Fig.  1),  little  or  no  fullerenes  were  present  in  this  soot.  At  1.0  cm  from  the 
burner  surface,  F,  clearly  decreases  while  the  amount  of  fullerenes  found  in  the  soot  shows  a 
sharp  increase.  The  error  in  the  concentration  profile  of  the  fullerenes  is  estimated  to  be  less 
than  20%  for  the  first  three  points  and  less  than  50%  for  the  remaining  points.  Asimilarpeak 
at  about  the  same  region  in  the  flame  has  also  been  observed  in  a  9  =  2.3  flame  with  other 
parameters  being  constant  { 13|.  The  presence  of  the  peak  in  the  profile  implies  the  occurrence 
of  both  formation  and  destruction,  with  the  two  being  in  balance  in  the  region  of  the  peak. 
The  rate  of  formation  first  exceeds  and  then  becomes  less  than  the  rate  of  destruction  as  the 
flow  proceeds  from  upstream  to  downstream  of  the  peak  concentration.  Three  possible 
destruction  mechanism  may  be  (a)  oxidation,  (b)  unimolecular  decomposition  and  (c) 
heterogeneous  reaction  at  the  surface  of  the  soot  particle,  with  subsequent  soot  surface 
^wth  incorporating  the  fullerene  carbon  into  the  soot  structure.  Note  that  this  does  not 
imply  that  fullerenes  contribute  to  the  ftvmation  of  the  soot  nuclei. 

The  fullerene  profiles  bear  similarities  to  the  obsorved  flame  profiles  of  planar  PAH 


Concei^tration  x  to  (g/cm 


Hetgnt  aoove  Burner  (cm) 


Fig  1  The  deoendence  or  flame  temoerature  (ooen  symDois)  ana  the  volume 
fraction  of  soot  collected  (solid  symools)  on  tne  neignt  aoove  ourner 
Tne  temoerature  data  was  taken  from  ref  1 2 


Height  above  burner  (cm) 

Fig  2  Tne  gas  onase  concentration  orofiles  of  C60  (ooen  squares)  and  C70 

(open  circles)  and  tneir  total  (solid  circles)  as  measured  in  tne  oenzene 
flame  Note  tne  peak  at  i  0  cm 
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Fig  3  The  molar  ratio  R  of  C70  and  C60 

as  a  function  of  neignt  aoove  Durner 
Note  that  R  IS  greater  tnan  unity  for 
all  positions 


0  12  3  4  5 

Height  apove  Durner  (cm) 


(polycyclic  aromatic  hydrocarbons)  (14-16).  High  molecular  weight  planar  PAH  have  long 
been  considered  soot  precursors  (17).  Like  PAH,  the  fullerene  proftles  peak  early  in  the 
flame  in  the  region  where  soot  grows  rapidly  and  reaches  its  maximum  concentration,  then 
show  a  sharp  decline  followed  by  a  flat  or  gradually  rising  region.  This  implies  that 
fullerenes  are  products  of  the  same  kind  of  growth  and  destruction  processes  as  PAH,  that  of 
successive  addition  of  light  hydrocarbons  (mostly  C2H2)  to  a  growing  aromatic  smicture  with 
simultaneous  oxidative  and  pyrolytic  destruction..  Fullerene  formation  is  therefore  expected 
to  occur  in  much  the  same  way  as  planar  PAH,  but  with  fullerene  precursors  being  curved, 
and  therefore  strained  PAH  and  thus  having  different  reactivities  (compared  to  planar  PAH)  in 
the  growth  and  destruction  processes  (18). 

There  is  rouble  difference  from  planar  PAH  profiles  in  that  the  peak  in  the  fullerene 
profile  occurs  after  the  soot  peak,  similar  to  previous  observations  reflecting  both  structural 
and  thermodynamic  barriers  to  fullerene  formation  1 16,19).  The  curved  PAH  precursors  are 
strained,  requiring  more  energy  for  their  formation,  and  concurrently  slowing  formation  rates 
for  strained  rings  with  respMt  to  planar  PAH  formation.  The  decline  in  planar  PAH 
concentration  precedes  the  prak  soot  concentration  since  they  react  together  or  coagulate  to 
form  soot  nuclei  (17).  This  gives  further  evidence  that  fullerenes  do  not  greatly  contribute  to 
soot  particle  inception. 

Clearly  additional  work  is  needed  to  understand  the  various  mechanisms  involved  in  the 
synthesis  of  fullerenes  in  flames.  Currently,  a  systematic  study  is  underway  to  investigate  the 
formation  of  fullerenes  by  changing  the  various  flame  parameters. 
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Abstract 

The  quality  of  chemically  vapor  deposited  diamond  films  was  assessed  in  terms  of  sp^  sp^  content  as  determined  by  solid-state 
nuclear  magnetic  resonance  (NMR)  and  Raman  spectroscopy.  While  the  results  of  the  two  techniques  are  in  qualitative  agreement, 
only  t''  -  NMR  spectra  yield  quantitative  values  for  the  sp^/sp^  ratio.  Only  sp'*  carbon  was  observed  in  the  NMR  spectra  of  very  high 
quality  hot-ulament,  microwave  plasma,  and  d.c.  arc-jet  chemically  vapor  deposited  films.  As  expected.  Raman  spectroscopy  is 
extreme!'  sensitive  io  sp'  bonded  carbon,  identifying  small  amounts  below  the  aetection  limit  of  the  NMR  spectrometer.  Comparison 
if  the  two  tecutiques.  firwever.  indicates  that  Raman  spectroscopy  may  be  so  sensitive  to  sp'  bonded  carbon  that  sp^  bonded 
carbon  in  films  comainin;  as  much  as  90%  sp^  bonded  material  may  remain  undetected.  NMR  linewidths  indicate  that  the  sp'’ 
carbon  in  such  material  shows  n.  ;■«  disorder  than  that  found  in  high-quality  polycrystalline  films. 


1.  Introduction 

Poiycrystalline  diamond  films  have  been  produced  at 
low  pressure  by  several  techniques  using  a  variety  of 
processing  conditions  [1,2].  The  deposition  of  diamond 
under  conditions  where  it  is  metastable  appears  to 
involve  a  kinetic  competition  of  the  deposition  and 
removal  of  various  forms  of  carbon  ranging  from  dia¬ 
mond  (tetrahedral  sp^  bonded  carbon),  through  amor¬ 
phous  carbons  (sp^  and  sp*),  to  graphitic  carbon  (sp^) 
[3].  Many  of  the  potential  applications  for  such  films 
require  high  quality,  defect-free  diamond.  Consistent 
reproduction  of  such  high  quality  material  requires  an 
understanding  of  process  conditiojis  and  their  affect  on 
diamond  structure  and  properties.  While  many  tech¬ 
niques  have  been  used  to  evaluate  diamond  ft'm  quality, 
few  provide  the  quantitative  data  necessary  to  evaluate 
process  conditions  and  achieve  controlled,  reproducible 
results.  In  this  work,  we  compare  two  analysis  techniques 
sensitive  to  the  nature  of  the  carbon  bonding  and 
structural  order  existing  in  the  diverse  types  of  carbon 
materials:  vibrational  Raman  spectroscopy  and  nuclear 
magnetic  resonance  (NMR)  spectroscopy. 

Raman  spectroscopy  is  one  of  the  most  common 
methods  of  diamond  film  characterization  because  of  its 


ability  to  distinguish  between  different  forms  of  carbon. 
Raman  spectroscopy  is  non-destructive  and  is  readily 
available  to  most  laboratories  [3-15].  The  observed 
“Raman”  spectra  are  often  the  sum  of  contributions 
from  the  Raman  scattering  of  the  excitation  photons,  as 
well  as  fluorescence-photoluminescence  from  states 
excited  in  the  material,  and  resonance  Raman  contribu¬ 
tions  due  to  nearby  electronic  states  [16].  This  latter 
effect  is  particularly  important  when  experiments  are 
performed  with  photon  energies  exceeding  the  band  gap 
of  components  in  the  material  analyzed  [17].  Care  must 
be  taken  in  assigning  bands  in  any  single  spectrum 
because  of  these  interfering  effects.  A  simple  method  to 
distinguish  Raman  scattering  from  fluorescence- 
photoluminescence  is  to  change  the  energy  of  the  incident 
photon  source  and  observe  changes  in  the  inelastic 
energy  loss  shift  or  intensity  of  the  band.  An  example 
of  this  technique  is  found  in  Fig.  1,  where  the  Raman 
spectra  of  a  diamond  fllm  at  two  different  incident 
energies  are  shown.  Only  the  features  with  the  same 
shift  are  attributed  to  Raman  effects. 

The  single  phonon  (first  order)  Raman  spectra  of 
carbon  produced  using  visible  photons  (e.g.  514.5  nm 
from  .in  Ar*  ion  laser)  may  comprise  four  general  types 
of  features  characteristic  of  diamond  (a  single  band  at 
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Fig.  1.  Raman  spectra  of  a  hot-filament  CVD  diamond  film  at  two 
diflerent  incident  photon  energies,  demonstrating  the  effect  of  fluores- 
cence-photoluminescence  on  the  Raman  spectra  of  carbon-containing 
materials:  (a)  514.5  nm,  (b)  468.0  nm. 

1332  cm' ‘)  [4,  12,  18],  crystalline  graphite  (a  single 
band  at  1 580  cnt "  [4, 12, 19],  defective  or  microcrystal- 
line  graphite  (two  broad  bands  at  ca.  1580  and 
1350  cm  [4,  12, 20],  and  amorphous  carbon  (a  broad 
asymmetric  band  peaking  at  around  1500  ±40  cm ~‘) 
[4,  12,  20,  21].  An  additional  band  is  occasionally 
observed  at  ca.  1120-1 140 cm~‘  [8,  12,  13],  which  has 
not  been  definitely  assigned.  The  effective  scattering 
efficiencies  vary  considerably,  owing  in  part  to  resonant 
Raman  effects  [17].  For  example,  crystalline  graphite 
has  a  scattering  efficiency  approximately  50  times  greater 
than  that  of  single-crystal  diamond  [22]. 

The  position  of  the  Raman  band  for  diamond  as  well 
as  that  of  the  other  forms  of  carbon  is  dependent  on 
the  isotopic  composition  [6,  23,  24],  temperature 
[25-27],  and  stress  in  the  material  [4,  26,  28].  In  pure 


diamond,  the  diamond  band  shifts  to  1280  cm 
from  its  1 332  cm  position  in  a  diamond  having  a 
natural  abundance  of  the  isotope,  1.1%.  The  position 

of  the  1350  cm  band  of  disordered  graphite  has  also 
been  observed  to  shift  with  changes  in  the  excitation 
photon  energy  [17],  Raman  scattering  immediately 
above  the  1 332  cm  diamond  phonon  band  has  been 
assigned  to  sp*  containing  carbon  materials  [12].  As  the 
disorder  in  the  sample  increases,  the  Raman  bandwidth 
increases,  and  the  band  center  may  shift  slightly. 

The  spatial  resolution  of  most  instruments  is  of  the 
order  of  0. 1  - 1  mm  with  standard  optics.  Raman  spectro¬ 
scopy  through  microscopes  can  achieve  resolutions  of 
less  than  1  pm  and  a  significant  increase  in  signal  collec¬ 
tion  using  high  numerical  aperture  optics  [14].  Care 
must  be  taken  in  micro- Raman  spectroscopy  to  avoid 
local  heating  or  burning  of  the  samples  due  to  high  laser 
power  density  [29].  Quantitative  analysis  of  inhomogen¬ 
eous  or  multicomponent  carbon  materials  with  Raman 
spectroscopy  is  nearly  impossible  because  of  the  dl.^'-rring 
contributions  of  each  component  to  the  penetration  of 
the  exciting  photon  beam  into  the  sample  and  the  escape 
of  the  scattered  photons.  However,  the  qualitative  use 
of  Raman  spectroscopy  has  been  invaluable  to  the  rapid 
development  of  diamond  chemical  vapor  deposition 
(CVD)  technology  [14,  15]. 

A  second  method  by  which  we  can  differentiate  carbon 
bonding  environments  in  diamond  films  is  solid-state 
nuclear  magnetic  resonance  (NMR)  spectroscopy.  In  a 
magnetic  field,  atomic  nuclei  which  possess  a  magnetic 
moment  will  interact  with  r.f.  irradiation,  elucidating 
information  about  nuclear  spin  interactions.  Such  inter¬ 
actions,  in  turn,  yield  information  about  the  composition 
and  structure  of  the  sample.  For  a  spin  1/2  nucleus  such 
as  ‘^C,  in  a  uniform  external  magnetic  field,  these 
interactions  can  be  described  by  the  total  Hamiltonian 
[30]: 

+  ^d.ii  +  f^es  +  Hrf(t)  +  R(t)  (1) 

where  is  the  Zeeman  interaction  between  the  observed 
nucleus  and  the  external  magnetic  field;  Ha.ii  is  the 
interaction  between  the  observed  nucleus  and  the  mag¬ 
netic  field  generated  by  neighboring  nuclei  of  the  same 
species  (homonuclear  dipolar  coupling);  Hd.u  is  the  inter¬ 
action  between  the  observed  nucleus  and  the  magnetic 
field  generated  by  neighboring  nuclei  of  a  different 
species  (heteronuclear  dipolar  coupling);  is  the  inter¬ 
action  between  the  observed  nucleus  and  nearby  bonding 
electrons  (chemical  shift  interaction);  H^ft)  is  the  experi¬ 
mentally  controlled  Hamiltonian  produced  by  r.f.  irradi¬ 
ation;  R{t)  is  the  coupling  of  observed  nuclei  to 
fluctuating  magnetic  fields  in  the  lattice,  primarily  a 
result  of  phonon  modes  or  due  to  paramagnetic  centers. 
This  last  component  represents  the  process  by  which 
the  spin  system  comes  to  equilibrium  with  the  external 
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field  and  is  known  as  spin-lattice  relaxation.  The  time 
scale  for  these  processes  is  several  orders  of  magnitude 
larger  than  for  the  interactions  described  above  and  is 
observed  in  a  separate  NMR  experiment. 

The  Zeeman  interaction  is  the  dominant  term  in  the 
total  Hamiltonian,  and  the  other  terms  are  treated  as 
perturbations  on  the  Zeeman  term.  The  effects  of  this 
term  can  be  eliminated  from  eqn.  (1)  by  changing  the 
reference  frame  to  one  rotating  at  the  resonance  fre¬ 
quency  of  the  observed  nuclei.  In  addition,  the  manipula¬ 
tion  of  allows  selective  suppression  of  the 

remaining  Hamiltonians,  simplifying  the  interpretation 
of  the  resulting  spectra. 

The  homonuclear  and  heteronuclear  dipolar  cou¬ 
plings,  Hd  ii  and  between  NMR  active  nuclei  are 
responsible  for  a  significant  portion  of  the  line  broaden¬ 
ing  observed  in  the  NMR  spectra  of  solids.  For  diamond 
films  with  low  hydrogen  concentrations,  the  hetero¬ 
nuclear  coupling  term  is  small,  and  only  the 

homonuclear  term  will  be  important.  The  dipolar  cou¬ 
pling  between  ‘^C  nuclei  is  a  strong  function  of 
intemuclear  spacing  and  depends  on  the  angle  between 
the  intemuclear  vector  and  the  direction  of  the  applied 
magnetic  field.  This  broadening  can  be  suppressed  by 
sophisticated  experimental  techniques  and  equipment; 
however,  in  suppressing  these  effects,  we  lose  information 
about  the  system  [30]. 

The  unsuppressed  spectral  line  broadening  due  to 
homonuclear  dipolar  couplings  can  be  related  to  the 
‘^C  concentration  in  diamond  films  through  the  van 
Vleck  equation  [31]  for  a  spin- 1/2  nucleus,  which  defines 
the  second  moment  as 

<Aa}-y  =  (9l20)Cy*h^Z,(rj^-^  (2) 

where  C  is  the  fraction  of  sites  occupied  by  y  is  the 
gyromagnetic  ratio  of  the  nuclei;  h  is  Planck’s  constant 
divided  by  2s;  is  the  intemuclear  distance  between 
lattice  sites  J  and  k,  in  the  spacings  of  the  diamond 
lattice. 

For  a  Gaussian  lineshape,  the  measured  full  width  at 
half-maximum  (FWHM)  intensity  equals  2.35(daj*)*'^. 
Thus,  we  can  determine  the  enrichment  of  a  diamond 
film  from  the  width  of  the  NMR  lineshape.  For  example, 
a  22%  enrichment  corresponds  to  a  3.0  kHz  dipolar 
linewidth.  Such  linewidths  are  independent  of  the  exter¬ 
nal  magnetic  field  and  are  typically  expressed  in  units 
of  kilohertz. 

While  solid-state  NMR  spectroscopy  has  been 
used  in  the  study  of  amorphous  carbon  films  [32],  it 
has  not  been  applied  extensively  to  diamond  films  [33]. 
These  films  contain  very  low  concentrations  of  hydrogen, 
less  than  O.S  at.%,  eliminating  the  heteronuclear  dipolar 
coupling  term  from  the  total  Hamiltonian  and 
prohibiting  the  use  of  cross-polarization  techniques  nor¬ 
mally  employed  to  examine  polymers  and  amorphous 


carbon  samples.  However,  direct  polarization  experi¬ 
ments  which  rely  on  the  homonuclear  dipolar  coupling 
//d.ii  between  nuclei  are  still  possible,  provided 
sufficient  sample  can  be  obtained.  The  detection  limit 
for  ‘^C  NMR  is  5  X  10‘*  ‘^C  nuclei  for  a  2.5  kHz  half- 
wid;h.  In  a  natural  abundance  film,  this  corresponds  to 
approximately  10  mg  of  sample  or  a  10  pm  thick  film 
covering  an  area  of  2.8  cm*. 

In  samples  which  are  free  of  paramagnetic  defects, 
direct-polarization  NMR  experiments  are  quantitative 
in  that  each  nuclei  gives  rise  to  the  same  integrated 
signal  intensity,  regardless  of  its  bonding  environment. 
In  samples  containing  paramagnetic  impurities,  a  small 
fraction  of  nuclei  in  close  proximity  to  such  defects  will 
remain  undetected  as  a  result  of  extreme  line  broadening 
due  to  interaction  with  the  unpaired  electron  of  the 
paramagnetic  impurity  [34,  35].  However,  such  nuclei 
comprise  only  a  small  fraction  (less  than  0.1  at.%)  of 
the  *^C  nuclei  in  diamond  films  and  should  not  signifi¬ 
cantly  affect  quantitative  results  within  our  detection 
limits.  A  technique  known  as  spin-counting  may  be  used 
to  verify  this  assumption.  In  this  technique,  the  inte¬ 
grated  area  under  the  NMR  lineshape  is  compared  with 
that  of  a  well  characterized  standard,  such  as  ethylene 
glycol,  to  estimate  the  number  of  ‘^C  nuclei  detected. 
This  value  is  compared  with  the  expected  number  of 
*^C  nuclei  calculated  from  the  mass  cf  the  sample  and 
its  isotopic  enrichment  (1.1%  for  natural  abundance 
to  verify  that  all  of  the  ‘^C,  within  our  detection 
limit,  is  observed. 

It  is  also  important  to  ensure  that  a  sufficient  delay 
is  used  between  signal  acquisitions  to  ensure  that  equilib¬ 
rium  has  been  re-established  within  the  sample.  This 
delay  is  determined  by  the  spin-lattice  relaxation  rate  of 
the  sample,  R{t)  as  described  above.  Gem-quality  natural 
diamonds  require  a  delay  of  greater  than  1  day  between 
signal  acquisitions  [34].  However,  the  presence  of  para¬ 
magnetic  defects,  other  defects,  or  an  enrichment  in 
will  significantly  increase  the  spin-lattice  relaxation  rate 
[33-38],  R(c),  typically  reducing  delays  to  less  than 
1  min,  making  the  NMR  experiment  reasonable. 
enrichment  also  increases  the  NMR  signal  for  a  given 
sample,  reducing  the  overall  sample  size  requirement. 

Like  Raman  spectroscopy,  NMR  is  sensitive  to  both 
the  sp^  and  sp^  bonding  environments  of  carbon  through 
the  chemical  shift  interaction  H„.  The  position  of  the 
natural  diamond  peak  at  36  ±  2  ppm  [8]  is  typical  of 
the  isotropic  chemical  shift  of  sp^  bonded  carbon  relative 
to  the  standard,  tetramethylsilane.  The  isotropic  chemi¬ 
cal  shift  is  linearly  proportional  to  the  applied  field  and 
is  reported  in  parts  per  million  (ppm)  of  the  Larmor 
frequency  of  the  observed  nuclei.  For  our  7  T  spectrome¬ 
ter,  has  a  Larmor  frequency  of  75  MHz,  thus  1  ppm 
corresponds  to  75  Hz.  The  peak  for  sp^  carbon  is  well 
resolved  from  the  sp^  carbon  peak  and  appears  between 
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120  and  200  ppm  [30,  36,  39-43].  In  amorphous  carbon 
Alms,  the  sp^  peak  is  typically  observed  near  the  lower 
value  [30.  41].  The  sp^  peak  is  generally  broader  and 
less  symmetric  than  that  of  diamond,  and  its  center  may 
vary  depending  on  the  specific  chemical  environment. 
This  type  of  asymmetric  broadening  can  be  caused  by 
the  chemical  shift  anisotropy  (a  result  of  non-spherically 
symmetric  bonding  environments),  magnetic  susceptibil¬ 
ity  effects  of  the  substrate,  and  a  broader  distribution  of 
bond  angles  and  bond  lengths  within  a  given  bonding 


300  200  too  0 


Chemical  Shift  (ppm) 

Fig.  2.  Four  NMR  spectra  of  natural-diamond-soot  mixtures  with 
varying  sp-/sp^  ratios  to  demonstrate  the  quantitative  nature  of  '^C 
NMR.  The  spectra  are  shown  for  samples  having  sp^/sp^  ratios  of 
0:1,  1.9:1,  3.7:1  and  1:0.  from  top  to  bottom  of  the  figure.  The 
integrated  area  under  the  curves  gives  ratios  of  0:1.  1.6  ±0.3: 1. 
3.3  ±  0.3 : 1  and  1 : 0  respectively.  The  spectra  are  offset  for  clarity. 


environment.  In  any  case,  the  integrated  area  under  the 
curve  remains  constant  and  proportional  to  the  number 
of  NMR  active  nuclei  in  the  given  bonding  configuration. 

To  demonstrate  the  quantitative  nature  of  NMR, 
Fig.  2  shows  four  NMR  spectra  for  various  mixtures 
of  natural  diamond  powder  (approximately  I  pm)  and 
soot  (approximately  0.1  pm).  The  natural  diamond  pow¬ 
der  was  purchased  from  Johnson-Matthey,  while  soot 
samples  were  produced  from  benzene  in  a  flat-flame 
burner.  The  top  spectrum  is  that  of  pure  natural  diamond 


(a)  Chemical  Shift  (ppm) 


Fig.  3.  (a)  The  ’’C  NMR  spectrum  of  a  high-quality  natural 
abundance  diamond  film  produced  at  the  Naval  Research  Laboratory 
using  the  hot-filament  CVD  technique.  The  spectrum  shows  only  one 
peak,  centered  at  36.0  ppm  and  indicative  of  the  sp-’  phase,  (b)  Micro- 
Raman  spectrum  from  the  same  sample,  showing  only  the  1 332  cm 
diamond  band  and  no  indication  of  sp*  bonded  carbon  at  either 
1380 cm~'  or  1330cm''.  These  results  are  typical  of  a  large  number 
of  high-quality  diamond  films  produced  by  a  variety  of  techniques 
(see  Table  1). 


K.  M.  McNamara  et  al.  NMR  aiut  Raman  spectroscopy  of  diamond  film 


1149 


powder,  showing  only  one  peak  at  36  ppm.  with  a  half- 
width  at  half-maximum  intensity  of  0.^  kHz,  indicative 
of  ordered  sp^  bonding.  The  bottom  spectrum  is  that  of 
pure  soot.  It  shows  a  broad,  slightly  asymmetric  line 
centered  at  189  ppm  and  no  evidence  of  an  sp^  bonded 
phase.  Much  of  the  broadening  is  a  result  of  the  bond 
angle  disorder  in  the  sp'  phase.  The  middle  two  spectra 
are  those  of  mixtures  of  natural  diamond  powder  and 
soot.  In  the  second  and  third  spectra  from  the  top,  the 
ratios  of  sp^  to  sp^  bonded  carbon,  determined  by  the 
mass  of  each  powder  used  in  the  mixture,  are  1.9;  1  and 
3.7 ;  I  respectively.  The  ratio  of  the  integrated  areas 
under  the  peaks  for  these  two  samples  is  1 .6  ±  0.3 ;  1  and 
3.5  ±  0.3 : 1  respectively,  confirming  that,  within  experi¬ 
mental  uncertainty,  NMR  can  yield  quantitative  sp^/sp^ 
ratios  in  environments  similar  to  those  found  in  diamond 
films. 

The  absence  of  a  signal  between  120  and  200  ppm  in 
the  pure  diamond  spectra  confirms  our  identification  of 
the  soot  peak  and  eliminates  the  question  of  background 
signal  from  the  probe.  This  background  is  a  problem 
with  most  commercial  NMR  probes  which  arc  designed 
for  cross-polarization  experiments  qs  performed 

on  polymers  and  a-C :  H  [7].  Since  only  hydrogenated 
carbon  is  detected  in  the  cross-polarization  experiment, 
fiuorinated  polymers  are  used  for  construction  materials 
in  these  probes.  However,  diamond  films  contain  little 
hydrogen  and  must  be  observed  by  direct  polarization. 
In  this  experiment,  all  is  detected,  including  that 
found  in  the  fiuorinated  material  in  the  probe.  A  carbon- 
free  probe  was,  therefore,  designed  and  constructed  in 
our  laboratory  for  these  experiments. 

NMR  spectroscopy  provides  information  on  local 
bonding  environments  from  the  entire  sample.  Diamond 


films  may  remain  intact  on  the  substrate  when  inserted 
into  the  NMR  sample  coil.  In  order  to  ensure  that  the 
substrate  does  not  influence  the  NMR  results,  it  must 
be  non-magnetic,  have  low  conductivity,  and  contain  no 
‘^C.  Conductive  samples  may  be  observed  but  present 
additional  tuning  problems,  affecting  the  signal-to-noise 
ratio,  which  leads  to  difficulty  in  obtaining  accurate 
quantitative  information  from  the  spectrum.  Broadening 
of  the  NMR  line  may  be  observed  due  to  variations  in 
the  magnetic  susceptibility  of  the  sample  and  its  sub¬ 
strate.  Since  all  the  atoms  are  not  equidistant  from 
the  substrate,  the  field  experienced  by  the  sample  will 
not  be  homogeneous,  causing  additional  line  broadening 
effects,  hindering  the  quantitative  interpretation  of 
spectra.  In  addition,  if  the  skin-depth  for  r.f.  penetration 
into  the  sample  is  smaller  than  the  sample  thickness, 
only  the  outer  part  of  the  sample  will  be  observed.  In 
all  cases  here,  however,  the  skin-depth  greatly  exceeds 
sample  thickness.  The  only  restriction  on  sample  size  is 
that  of  the  NMR  coil  itself,  typically  1  cm  in  diameter 
and  2  cm  in  length.  As  mentioned,  enrichment 
enhances  the  signal,  however,  very  high  enrichments 
may  effect  the  resolution  owing  to  increased  line  broad¬ 
ening  as  a  result  of  increased  homonuclear  dipole-dipole 
interactions.  For  this  reason.  enrichment  in  the 
samples  discussed  here  is  below  25%. 


2.  Experimental  details 

The  majority  of  the  films  used  in  this  study  were 
produced  by  hot-filament  CVD.  Typically,  natural 
abundance  films  were  produced  using  0.5%-2%  me¬ 
thane  in  a  bulk  hydrogen  gas  feed  at  a  total  reactor 


TABLE  I.  NMR  and  Raman  results  for  sp^  bonded  carbon  in  diamond  films 


Deposition 

method 

Source 

‘^C  enrichment 
(%) 

NMR 

frequency 

(ppm) 

NMR 

half-width 

IkHz) 

Raman 

frequency 

(cm"') 

Raman 

full-width 

(cm'*) 

Hot  filament' 

NRL 

l.l 

36.0 

0.35 

1332 

6.1 

Hot  filament' 

Raytheon 

1.1 

35.5 

0.45 

1332 

7.5 

Hot  filament' 

Raytheon 

1.1 

36.0 

0.31 

1332 

8.75 

Hot  filament' 

Raytheon 

l.l 

36.0 

0.40 

1535 

15.0 

Hot  filament' 

Raytheon 

1.1 

35.5 

0.34 

1332 

11.0 

Hot  filament' 

Raytheon 

l.l 

36.5 

0.50 

1334 

10.0 

D.C.  arc- Jet' 

Norton 

l.l 

36.0 

0.35 

1332 

10.5 

Microwave  plasma' 

NWC 

l.l 

36.0 

0.45 

1334 

9.7- 

Microwave  plasma' 

NWC 

«I2 

34.0 

0.85 

1328 

17.1 

Microwave  plasma' 

NWC 

%I2 

35.0 

1.10 

1328 

11.1 

Hot  filament'’ 

LL 

22 

36.0 

1.40 

1324 

9.3 

Hot  filament^ 

LL 

22 

36.0 

1.40 

1324 

16.4 

Hot  filament" 

LL 

22 

38.0 

2.10 

None 

None 

‘Methane  as  carbon  source. 

'’Acetone  as  carbon  source. 

NRL  Naval  Research  Laboratory,  NWC  Naval  Weapons  Center.  LL  Lincoln  Laboratory. 
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pressure  of  lOOTorr,  and  a  filament  temperature  of 
approximately  2330  K.  The  tantalum  filament  was  placed 
4  mm  from  the  substrate,  which  was  rotated  to  improve 
him  uniformity.  For  the  sample  produced  at  the  Naval 
Research  Laboratory  (NRL),  the  filament  was  tungsten, 
and  the  sample  was  stationary.  The  substrates  were  silicon 
which  could  be  etched  away  in  HF-HNO3  to  leave  free¬ 
standing  diamond  films  for  characterization.  These  free¬ 
standing  films  were  on  the  order  of  100  pm  thick.  Enriched 
films  were  produced  at  Lincoln  Laboratory  from  ^Re¬ 
labeled  acetone  in  a  hot-filament  reactor  at  a  pressure  of 
1 50  Torr  as  described  elsewhere  [33],  and  at  the  Naval 
Weapons  Center  (NWC)  from  ‘^C-labeled  methane  in  a 
microwave  plasma.  Owing  to  the  enrichment,  a  film  of 
approximately  10  pm  thickness  provided  sufficient  sample 
for  the  NMR  measurements.  Some  of  these  films  were 
discontinuous  in  some  areas  and  remained  attached  to 


the  silicon  substrate  for  support.  The  substrate  was  635  pm 
thick  and  had  a  resistivity  in  excess  of  10  kf2.  All  samples 
were  cut  to  fit  the  NMR  sample  coil  with  a  diameter  of 
I  cm  and  a  length  of  2  cm. 

Macro- Raman  spectroscopy  was  performed  on  all 
natural  abundance  films,  with  the  exception  of  the  NRL 
sample.  The  frequency  of  the  incident  beam  was 
647.1  nm,  and  the  power  was  120  mW.  The  results  of  1 
to  5  scans  were  averaged  to  obtain  a  reasonable  noise 
level.  Micro-Raman  experiments  were  performed  for  all 
‘RC  enriched  samples  and  the  sample  from  NRL.  Several 
locations  on  each  sample  were  observed  using  this 
technique.  An  attempt  to  obtain  macro-Raman  spectra 
for  these  samples  was  unsuccessful  or  produced  spectra 
with  very  low  signal-to-noise  ratios  owing  to  the  large 
degree  of  scatter  caused  by  the  substrate. 

The  NMR  data  for  all  films  were  obtained  on  a  home- 
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Fig.  4.  Scanning  electron  micrographs  of  three  hot-fUament  CVD  diamond  films  produced  with  '^C  enriched  acetone:  (a)  film  A,  (b)  film  B,  and 
(c)  film  C. 
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built  7.0  T  solid-state  NMR  spectrometer  in  our  labora¬ 
tory.  Static  direct-polarization  experiments  were  carried 
out  by  inserting  slivers  of  free-standing  diamond  films 
or  films  still  attached  to  the  silicon  substrate  directly 
into  the  NMR  coil.  Between  3000  and  SO  000  scans  were 
signal  avenged  to  produce  spectra  with  the  desired  level 
of  signal-to-noise  ratio.  Sufficient  delay  was  used  between 
averages  (typically  greater  than  or  equal  to  30  s)  to 
ensure  that  the  nuclei  had  returned  to  equilibrium  with 
the  static  magnetic  field  between  averages.  In  this  way, 
we  preserved  the  quantitative  nature  of  the  resulting 
NMR  spectra. 

The  process  by  which  nuclei  exchange  energy 
with  the  lattice  and  come  into  equilibrium  with  the  static 
magnetic  field  is  spin-lattice  relaxation.  The  spin-lattice 
relaxation  time  constant  is  typically  defined  by  the  Bloch 
equation  [41], 


Mq-  M., 


exp(-f'Ti) 


(3) 


where  M{t)  is  the  net  magnetization  parallel  to  the 
external  magnetic  field  at  time  t;  Mq  is  the  initial 
magnetization  at  r  =  0;  is  the  exponential  spin-lattice 
relaxation  time  constant.  This  relaxation  is'observed  in 
samples  free  of  paramagnetic  defects  and  in  ail  samples 
with  rapid  spin-diffusion,  such  as  ‘^C-enriched  samples 
[35,  38].  In  magnetically  dilute  systems  which  may 
contain  paramagnetic  defects,  such  as  natural  abun¬ 
dance  diamond  films,  this  behavior  may  not  be  observed 
[34,  37].  Such  impurities  increase  the  spin-lattice  relax¬ 
ation  rate  and  give  rise  to  non-exponential  behavior. 

Spin-lattice  relaxation  times  were  determined  using 
the  saturation-recovery  technique.  Polycrystalline  dia¬ 
mond  films  showing  well  faceted  scanning  electron 
micrographs  have  significantly  faster  values  (typically 
less  than  30  s)  than  those  measured  for  natural  diamond 
(approximately  1  day)  [17,  18].  In  the  CVD  diamond, 
defects  at  grain  boundaries,  unterminated  bonds,  and 
paramagnetic  and  ferromagnetic  impurities  ail  provide 
additional  relaxation  mechanisms  for  nuclei.  Enrich¬ 
ment  in  will  further  enhance  the  relaxation  rate  by 
increasing  the  rate  of  spin-diffusion  in  isotopicalfy 
labeled  samples. 

The  ratio  of  sp^/sp^  bonded  carbon  is  determined 
from  the  ratio  of  the  integrated  area  under  the  peaks 
corresponding  to  those  environments.  Information  about 
the  extent  of  disorder  in  a  bonding  environment  can  be 
obtained  from  its  linewidth  in  the  static  NMR  spectrum. 
A  distribution  of  bond  angles  and  bond  lengths  will 
cause  the  chemical  shift  to  be  distributed  over  a  wider 
range  of  values.  Since  we  can  determine  the  expected 
linewidth  due  to  dipolar  broadening  [31,  33],  we  can 
identify  any  additional  broadening.  As  mentioned,  there 
are  several  possible  sources  of  such  broadening.  By 
crushing  the  sample  and  performing  a  magic-angle  spin¬ 
ning  experiment  at  a  spinning  rate  greater  than  the 


linewidth,  we  can  eliminate  both  the  broadening  due  to 
the  magnetic  susceptibility  of  the  substrate  and  the 
chemical  shift  anisotropy  of  a  given  ‘^C  site  [36].  Any 
broadening  which  remains  after  the  magic-angle  spinning 
can  then  be  attributed  to  a  wider  distribution  of  bond 
angles  and  lengths  in  the  sample. 


3.  Results  and  discussion 

Figure  3  shows  the  static  NMR  and  macro- 
Raman  spectra  of  the  first  sample  listed  in  Table  I,  a 
natural  abundance,  free-standing  diamond  film.  The  film 
was  produced  from  1%  methane  in  H2  at  34Torr.  The 
‘^C  NMR  spectrum  shows  only  one  peak,  centered  at 


Chemical  Shift  (ppm) 

Fig.  S.  '^C  NMR  spectra  from  the  same  three  samples  shown  in  Fig.  4. 
For  films  A  and  B  only  one  peak,  at  36  ppm  is  present,  indicating 
only  sp^  bonded  carbon.  However,  for  film  C,  two  peaks,  at  38  ppm 
and  120  ppm  exist,  indicative  of  sp^  and  sp^  carbon  respectively.  The 
ratio  c*'  the  peak  areas  is  0.11,  and  the  sp’  peak  is  broader  than 
expected  for  a  22*/*  enriched  film,  indicating  disorder  in  the  system. 
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36.0  ppm  shift  relative  to  the  tetramethylsiiane  reference 
standard.  The  peak  is  symmetric  and  narrow,  having  a 
half-width  at  half-maximum  of  0.3S  kHz.  This  width  is 
comparable  with  that  of  natural  diamond  powder 
(0.40  kHz),  indicating  order  in  this  sp^  phase.  The  Raman 
spectrum,  likewise,  contains  only  one  peak,  centered  at 
I332cm~ indicative  of  the  diamond  phase.  This  peak 
is  also  relatively  narrow,  having  a  width  of  6.1  cm~‘, 
only  slightly  larger  than  that  of  natural  diamond 
(2cm~‘)  [4],  thus  supporting  the  NMR  identification 
of  an  ordered  phase.  The  amount  of  sp^  bonded  carbon 
in  this  him,  if  any,  is  below  the  detection  limit  of  both 
techniques.  Similar  results  were  obtained  for  the  next 


seven  natural-abundance,  high-quality  diamond  films 
and  are  shown  in  Table  I.  These  films  were  produced 
from  methane  by  hot-hlament,  d.c.  arc-jet,  or  microwave 
plasma  CVD. 

Figures  4,  S,  and  6  show  the  scanning  electron  micro¬ 
graphs.  NMR  and  micro-Raman  spectra  obtained 
from  three  samples  produced  with  ‘^C-enriched  acetone 
respectively.  The  **C  enrichment  in  these  films  is  22%, 
increasing  the  observed  NMR  linewidth  and  shifting  the 
Raman  frequencies.  Film  A  was  produced  with  a  gas- 
phase  carbon  concentration  of  5.3%,  while  film  B  was 
produced  at  a  concentration  of  6.4%  and  film  C  at  7.4% 
[8],  All  other  conditions  were  identical  for  each  run. 


Fig.  6.  Mkro-Raman  spectra  from  the  same  samples  shown  in  Figs.  4  and  3.  For  films  A  and  B  ((a)  and  (b)),  sharp  peaks  are  seen  at  1324  cm' '. 
the  isotopicaily  shifted  position  of  the  diamond  band.  In  addition,  there  may  be  evidence  of  sp^  bonded  carbon,  present  in  quantities  below  the 
detection  limit  of  the  NMR.  Film  C  (c)  gives  a  spectrum  showing  only  the  shifted  graphite  and  amorphous  carbon  bands  at  1570 cm'*  and 
1 330 cm*'  respectively.  There  is  no  evidence  of  the  diamond  band,  even  though  the  quantitative  NMR  results  show  it  makes  up  approximately 
90%  of  the  sample.  This  demonstrates  the  sensitivity  of  Raman  spectroscopy  to  sp^  bonded  carbon,  and  the  need  for  caution  in  interpreting 
results. 
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The  NMR  half-width  of  a  diamond  lattice  enriched 
with  22%  can  be  calculated  from  the  van  VIeck 
equation  [31]  (eqn.  (2)),  yielding  a  value  of  I.SkHz, 
consistent  with  the  observed  broadening  in  films  A  and 
B  (Figs.  S(a)  and  S(b)).  The  symmetric  lineshape  indicates 
little  chemical  shift  anisotropy.  as,expected  for  a  tetrahe¬ 
dral  bonding  environment,  or  magnetic  susceptibility 
broadening  from  the  substrate.  In  addition,  upon  grind¬ 
ing  the  sample  and  performing  magic-angle  spinning 
NMR,  the  majority  of  the  broadening  could  be 
eliminated  to  give  a  linewidth  of  only  O.IS  kHz,  indicat¬ 
ing  that  the  broadening  was  not  caused  by  disorder  in 
the  sp^  phase. 

The  corresponding  micro- Raman  spectra,  for  films  A 
(Fig.  6(a))  and  B  (Fig.  6(b)),  contain  a  sharp  diamond 
H ’nd  shifted  to  1324 cm'  ‘  owing  to  the  isotopic  enrich- 
iHcnt.  In  addition,  some  evidence  of  an  $p^  bonded 
environment  is  observed  in  each  spectrum  in  a  band  at 
approximately  1550cm'‘  corresponding  to  isotopically 
shifted  graphite  and  in  a  broadening  at  the  base  of  the 
1 324  cm  '  ‘  band  caused  by  overlap  with  the  isotopically 
shifted  amorphous  carbon  band  at  1 330  cm  The 
Raman  spectrum  of  film  A  has  a  lower  intensity  in  these 
bands  than  observed  for  film  B.  as  expected  for  a  film 
produced  from  a  lower  gas-phase  carbon  concentration. 
In  each  case,  the  amount  of  sp'  bonded  material  is 
below  the  detection  limit  of  the  NMR  spectrometer. 

The  NMR  and  Raman  spectra,  shown  in  Figs.  5(c) 
and  6(c),  were  obtained  from  film  C,  produced  with  7.4% 
carbon  in  the  gas  phase.  At  this  higher  carbon  concen¬ 
tration,  we  see  an  expected  deterioration  in  film  quality 
revealed  in  both  the  micro-Raman  and  NMR 
spectra.  The  NMR  spectrum  shews  two  broad  peaks 
at  approximately  38  ppm  and  120  ppm,  indicative  of  sp^ 
and  sp^  bonding  respectively.  The  sp^  peak  appears  at 
a  shift  closer  to  that  observed  in  amorphous  carbon 
films  than  to  that  observed  in  pure  soot.  The  ratio  of 
the  area  under  these  two  peaks  gives  a  quantitative  sp^/ 
sp^  ratio  of  0.1 1  ±0.2,  indicating  that  approximately 
10%  of  the  carbon  in  this  sample  is  in  an  sp^  bonding 
configuration.  When  magic-angle  spinning  NMR  was 
performed  on  this  sample,  the  sp^  peak  was  only  partially 
narrowed  to  a  '^newidth  of  0.69  kHz,  indicating  some 
broadening  due  to  disorder  in  the  sp^  bonding  environ¬ 
ment.  The  sp^  peak  narrows  very  little,  consistent  with 
the  greater  bond  angle  and  bond  length  variation 
expected  in  this  phase. 

The  micro-Raman  spectrum  of  film  C  (Fig.  6(c))  con¬ 
tains  two  isotopically  shifted  peaks — one  indicative  of 
graphitic  carbon  at  approximately  1370cm~‘  and  one 
indicative  of  amorphous  carbon  at  approximately 
1 330  cm Both  bands  are  extremely  broad  (greater 
than  60cm~‘),  indicating  substantial  disorder,  in 
agreement  with  the  NMR  results.  This  micro-Raman 
spectrum  shows  no  evidence  of  a  diamond  phase,  in 


contrast  to  the  quantitative  NMR  results  which  show 
that  90%  of  the  sample  has  an  sp^  bonding  configura¬ 
tion.  However,  the  NMR  spectrum  indicates  disorder  in 
this  sp^  phase.  Thus,  it  is  possible  that  the  symmetry  of 
tetrahedral  bonding  is  no  longer  present,  disallowing 
this  transition  in  the  Raman  spectrum,  explaining  the 
absence  of  the  1 332  cm'*  band. 

There  are  several  other  possible  explanations  for  the 
results  observed  in  Figs.  5(c)  and  6(c).  Recalling  that  the 
Raman  scattering  efficiency  of  sp^  bonded  carbon  greatly 
exceeds  that  of  sp^  bonded  material,  it  may  be  that  the 
sp^  signal  is  simply  obscured  by  the  strong  amorphous 
carbon  peak.  This  has  serious  implications  for  quantita¬ 
tive  evaluation  of  film  quality  using  Raman  spectroscopy. 
In  some  cases,  the  sp^  content  of  the  film  may  be  much 
higher  than  that  anticipated  from  the  Raman  spectrum. 
In  addition  to  differences  in  scattering  behavior,  the  sp^ 
and  sp^  bonded  carbon  may  have  different  absorptivities 
which  can  lead  to  non-uniform  sampling  as  a  function 
of  depth  in  the  film.  These  and  other  sampling  difficulties 
have  been  discussed  previously  [5], 

One  final  hypothesis  is  that  the  micro-Raman 
spectrum  was  simply  obtained  at  a  position  within  the 
film  containing  no  sp^  bonded  carbon  while  the  NMR 
spectra  is  indicative  of  the  entire  sample.  With  a  I  pm 
spot-size,  this  may  be  a  reasonable  concern.  To  determine 
whether  this  was  the  case,  seven  or  more  locations  in 
films  B  and  C  were  sampled.  A  map  of  the  sampling 
pattern  is  shown  in  Fig.  7,  and  the  three  typical  corre¬ 
sponding  spectra  are  shown  in  Fig.  8.  Note  the  non- 
uniform  sampling  in  film  C  reflects  the  non-continuous 
nature  of  the  sample.  As  these  figures  show,  there  was 
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Fig.  7.  Map  showing  the  micro-Raman  sampling  pattern  Tor 
S  X  12  mm’  slivers  of  enriched  films  B  and  C.  Note  that  the  pattern 
for  sample  C  reflects  the  non-continuous  nature  of  this  sample. 
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Fig.  8.  From  top  to  bottom,  three  micro-Raman  spectra  from  positions  ta)  7,  8.  and  9  in  film  B  and  (b)  1.  S.  and  7  in  film  C  as  indicated  in  Fig.  7. 
These  demonstrate  the  consistency  of  the  spectra  obtained  throughout  the  samples.  Thus,  variation  in  quality  with  sample  location  does  not 
explain  the  differences  between  the  Raman  and  NMR  results  for  film  B  t-s.  film  C. 


little  variation  in  the  Raman  spectra  as  a  function  of 
sampling  position  in  each  case.  Some  decrease  in  the 
quality  of  the  Raman  spectra  was  observed  at  the 
outermost  edge  of  film  B.  However,  the  Raman  spectrum 
of  film  C  was  consistent  across  the  sample.  The  results 
obtained  for  other  sampling  locations  were  consistent 
with  these  observations.  Thus  it  is  unlikely  that  sampling 
position  is  the  cause  of  the  differences  in  the  results 
between  films  B  and  C. 


4.  Conclusion 

We  have  shown  that  both  Raman  and  NMR  spectro¬ 
scopy  provide  useful  information  on  carbon  bonding 
environments  within  diamond  films.  NMR  spectroscopy 
examines  the  local  short-range  order  within  the  sample, 
while  Raman  spectroscopy  probes  order  over  a  longer 
range.  NMR  provides  quantitative  information,  indepen¬ 
dent  of  bonding  environment,  but  requires  relatively 
large  samples  and  long  acquisition  times.  In  a  diamond 
film  containing  90%  sp^  bonded  carbon,  as  determined 
quantitatively  by  NMR,  the  1332 cm"*  Raman 
band  was  not  detected.  Raman  spectroscopy  has  the 
advantage  of  giving  fast,  spatially  resolved  information. 
It  is,  however,  extremely  sensitive  to  sp^  bonded  carbon 
and  as  a  result,  care  must  be  taken  not  to  underestimate 
the  sp^  nature  of  films  showing  strong  amorphous 
carbon  absorptions  (approximately  1330  cm"  *).  It  is  also 
possible  that  a  disordered  sp^  phase  does  not  allow  the 
1332 cm"*  transition,  leaving  disordered  sp^  bonded 
carbon  undetected  in  the  Raman  spectrum.  A  combina¬ 


tion  of  the  two  techniques  is  necessary  to  obtain  reliable 
information  for  all  types  of  diamond  films. 
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Radiative  heat  tiansfer  in  hot-filament  chemical  vapor  deposition 
diamond  reactors 
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Hot-filament  chemical  vapor  deposition  is  a  common  method  employed  for  diamond  deposition. 
Due  to  the  filament-substrate  proximity,  large  temperature  variations  across  the  substrate  is 
often  possible.  Variations  in  substrate  temperature  need  to  be  minimized  in  order  to  deposit 
polycrystalline  diamond  films  of  uniform  thickness  over  large  areas.  Thus  heat  transfer 
calculations  which  consider  radiation  from  the  filament  to  the  substrate,  radiation  from  the 
substrate  to  the  reactor  walls,  and  finally  conduction  in  the  silicon  wafer  have  been  developed  to 
predict  substrate  temperature  profiles  as  a  function  of  the  filament  shape  and  geometry.  The 
calculated  values  are  found  to  be  in  reasonable  agreement  with  experimentally  measured 
substrate  temperatures.  It  was  found  that  hydrogen  atom  recombination  makes  a  significant 
contribution  to  the  absolute  substrate  temperature,  but  that  the  normalized  temperature  profiles 
are  determined  primarily  by  the  radiation  flux  distribution.  The  effecu  of  the  other  deposition 
parameters  are  also  discussed.  Comparison  with  experimenul  results  show  an  apparent 
correlation  between  growth  rate  profiles  and  radiation  flux  profiles  from  the  filament  as 
predicted  by  the  calculations. 


I.  INTRODUCTION 

In  the  past  decade  there  has  been  considerable  increase 
in  the  study  of  polycrystalline  diamond  films. The  im¬ 
petus  for  these  studies  has  been  provided  by  the  discovery 
that  diamond  films  can  be  grown  on  a  variety  of  substrates 
under  metastable  conditions. Diamond  films  have  now 
been  grown  using  a  variety  of  deposition  techniques  and 
under  a  wide  range  of  conditions."  Since,  in  most  of  these 
methods  diamond  films  are  deposited  in  subatmospheric 
pressures  and  relatively  low  substrate  temperatures,  it  is 
anticipated  that  many  of  the  unique  mechanical  and  opto¬ 
electronic  properties  of  diamond  can  now  be  commercially 
exploited. 

Hot-filament  chemical  vapor  deposition  (hot-filament 
CVD)  has  been  used  extensively  to  deposit  diamond  films. 
Typically  in  this  method,  a  dilute  mixture  (O.S%-3%)  of 
a  carbon  containing  gas  such  as  methane  or  acetone  in 
hydrogen  is  thermally  activated  at  subatmospheric  pres¬ 
sures  ( ~  25-300  Torr)  by  a  filament  held  at  ~2500  K.  A 
substrate  is  held  between  O.S  and  1.5  cm  from  the  filament, 
resulting  in  substrate  temperatures  of  900-12(X)  K  and 
polycrystailine  diamond  is  deposited  at  rates  ~  I  /im/h. 
Advantages  of  this  method  are  its  simplicity  and  potential 
for  scale-up.  However,  the  ability  to  grow  films  of  uniform 
thickness  and  high  quality  over  large  areas  and  at  accept¬ 
able  growth  rates  demands  an  improved  substrate  temper¬ 
ature  uniformity." 

Variations  in  the  substrate  temperature  in  hot-filament 
CVD  are  a  result  of  high  filament  temperatures  and  a  small 
filament-substrate  distance.  Thus  the  radiation  flux  from 


vuthor  to  whom  correspondence  should  be  addressed. 


the  filament  induces  temperature  variations  across  the  sub¬ 
strate  even  in  the  presence  of  external  heating.  In  order  to 
obtain  a  deeper  insight  into  these  effects,  heat  transfer  in  a 
hot-filament  CVD  reactor  has  been  numerically  modeled 
and  the  resulting  predictions  have  been  compared  with  ex¬ 
perimental  substrate  temperature  measurements.  The  cal¬ 
culations  were  used  to  determine  the  substrate  temperature 
profiles  as  a  function  of  filament  temperature,  material,  and 
substrate  separation.  In  addition  this  model  was  then  used 
to  compare  different  filament  geometries  and  the  effect  of 
rotating  the  substrate  with  the  goal  of  improving  substrate 
temperature  uniformity. 

II.  EXPERIMENT 

A  schematic  diagram  of  the  hot-filament  CVD  reactor 
used  in  this  work  is  shown  in  Fig.  1.  A  mixture  of  acetone 
vapor  and  hydrogen  was  introduced  through  the  bottom  of 
the  reactor  and  heated  by  tantalum  filaments  held  between 
0.5  and  2.0  cm  from  a  4-in.-diameter  silicon  wafer.  The 
filaments  were  supported  by  zirconium  rods  to  ensure  a 
constant  filament-substrate  separation  during  operation. 
The  operating  conditions  unless  noted  differently  were  100 
Torr  and  T f=  2600  K.  For  each  condition  a  separate  run 
in  the  absence  of  a  substrate  allowed  the  filament  to  be 
viewed  directly.  By  matching  its  color  to  that  of  one  inter¬ 
nal  to  a  pyrometer  the  filament's  temperature  was  ob¬ 
tained.  A  copper  plate  with  holes  of  diameter  1/16  in. 
drilled  at  45°  increments  on  circles  of  radii  0,  1,2,  3,  4,  and 
5  cm  was  placed  on  top  of  the  quartz  plate  external  to  the 
reactor.  The  temperature  of  the  unpolished  backside  of  the 
silicon  wafer,  which  faces  the  quartz  plate,  was  measured 
by  a  Raytek  optical  pyrometer  model  S3AHTCF4  operat- 
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FIG.  2.  A  schematic  of  a  simple  filament  geometry.  The  radiation  flux  to 
a  differential  substrate  area  is  proportional  to  the  shape  factor,  the  frac¬ 
tion  of  radiant  energy  leaving  the  filament  that  is  incident  on  the  substrate 
at  that  point. 


FIG.  1.  A  schematic  diagram  of  the  hot-filament  CVD  reactor  used  in 
this  work.  For  temperature  profile  measurements,  a  copper  plate  with 
holes  drilled  at  regular  intervals  was  placed  on  top  of  the  quartz  plate. 


ing  at  2.2  /im  with  a  spot  size  of  0.2  cm  at  its  focus.  The 
accuracy  of  the  pyrometer  was  1.0%  of  the  temperature 
reading.  The  temperature  at  various  locations  on  the  sub¬ 
strate  was  measured  by  aligning  the  pyrometer  over  the 
holes  in  the  copper  plate  to  ensure  reproducible  position¬ 
ing.  The  introduction  of  the  copper  plate  was  not  found  to 
change  the  substrate  temperature  within  experimental  ac¬ 
curacy.  Care  was  taken  to  hold  the  pyrometer  perpendic¬ 
ular  to  the  surface  of  the  copper  plate  in  order  to  ensure 
greater  accuracy  of  the  profiles.  A  one-dimensional  steady- 
state  energy  balance  calculation  on  the  S00-/im-thick  sili¬ 
con  wafer  indicates  the  difierence  in  temperature  between 
the  front  (growing)  and  the  back  surfaces  is  <1  ’C,  which 
is  smaller  than  the  rated  accuracy  of  the  pyrometer.  Con¬ 
sequently,  the  temperature  indicated  by  the  pyrometer  is 
equal  to  that  of  the  growing  surface.  The  temperature  pro¬ 
file  measurements  were  taken  after  the  reactor  had  attained 
steady  state  conditions  for  at  least  1  h.  This  ensured  com¬ 
plete  carburization  of  the  tantalum  filament  and  thus  elim¬ 
inated  any  changes  in  its  emissivity  with  time.  The  temper¬ 
ature  at  the  center  of  the  substrate  was  monitored  at 
regular  intervals  to  monitor  any  long  term  drift  of  the 
operating  conditions. 

At  each  point,  the  substrate  temperature  was  calcu¬ 
lated  from  the  pyrometer  reading  of  black  body  tempera¬ 
ture  using  the  temperature-dependent  grey  body  emissivity 
of  the  substrate.  This  temperature  dependence  cannot  be 
ignored  since  the  emissivity  of  silicon,  the  substrate  used  in 
this  work,  has  a  strong  increase  from  0.3  at  SOO  K  to  0.85 
at  900  K,  beyond  which  it  decreases  slowly  with  tempera¬ 
ture.'^  Measurements  at  each  open  position  on  the  copper 
plate  immediately  yield  temperature  profiles  which  can  be 
directly  compared  with  those  predicted  by  the  heat  transfer 
calculations. 


III.  HEAT  TRANSFER  CALCULATIONS 

Three  possible  mechanisms  are  available  for  heat  trans¬ 
fer  from  the  filament  to  the  substrate:  radiation,  conduc¬ 
tion,  and  convection.  Since  the  filament  temperatures  are 
very  high  (typically  around  ~2S00  K),  radiative  heat 
transfer  dominates  over  both  conduction  and  convection. 
The  Peclet  number,  a  measure  of  the  relative  importance  of 
convection  to  conduction,'*  is  estimated  to  be  ~  10~*  and 
consequently  the  heat  loss  by  convection  can  be  safely  ne¬ 
glected.  The  effect  of  conduction  in  the  gas  phase,  though 
small,  is  not  negligible.  In  addition,  it  has  been  (4)served 
that  the  recombination  of  hydrogen  atoms  on  the  surface 
increases  the  substrate  temperature. The  contributions  of 
these  two  effects  were  examined  experimentally  and  are 
discussed  later  in  the  text.  As  both  of  these  effects  are 
minimized  at  low  pressure,  radiation  is  assumed  to  be  the 
only  mechanism  in  heat  transfer  from  the  filament  to  the 
substrate. 

Consider  the  simple  filament  geometry  as  shown  in 
F:^.  2  of  a  straight  filament  of  length  IL,  temperature  T f, 
centered  at  the  coordinates  (0,  0,  h^).  In  Fig.  2,  df  is  the 
diameter  of  the  filament  and  is  the  angle  formed  by  the 
vector  r  joining  dAx  and  dA^  and  the  substrate  normal,  ft]. 
The  position  of  the  differential  filament  element  dA^  is  de¬ 
fined  by  the  distance  from  the  filament  center,  x,  and  its 
surface  normal,  tii-  The  angle  a  (0<a<2rr)  is  formed  be¬ 
tween  nj  and  rif,  the  normal  vector  in  the  plane  containing 
r  and  the  center  of  the  filament.  Likewise,  the  angle 
formed  between  r  and  nf.  The  shape  factor  between  the  two 
surfaces  depends  on  r,  a,  and  Since  r  is  much 
greater  than  the  filament  radius,  the  magnitude  of  r  is 
nearly  independent  of  a.  Thus,  the  dependence  on  the  an¬ 
gle  a  can  be  treated  by  integrating  over  a  cylindrical  ele¬ 
ment  of  area  vdjdx  which  yields  an  effective  surface  area 
dAf=dfdx,  radiating  in  the  direction  np  The  shape  factor 
for  diffuse  radiation  between  the  filament  and  a  differential 
substrate  area  dAx  simplifies  to'* 


(1 
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For  the  substrate  element  dAx  fixed  at  coordinates 
=  and  a  filament  at  ( — L<x<Z,,  0,  Ay),  the  terms 

in  Eq.  ( 1 )  become: 


r=[(x-Ar)HyHA}]°’, 

(2) 

*/ 

(3) 

cos^- 

(4) 

Upon  substitution  into  Eq.  (1),  one  obtains  an  expression 
for  Ff,  that  is  only  a  function  of  x  that  can  be  evaluated 
analytically  at  each  gri^’  noint,  (AT,,  F,,  0).  When  multiple 
filaments  are  used  the  shape  factors  of  the  individual  fila¬ 
ments  are  simply  superposed.  For  filaments  that  are  not 
straight  the  shape  factor  must  be  computed  numerically. 
Finally,  the  radiative  heat  absorbed  by  a  differential  sub¬ 
strate  area  dA^  from  the  filament.  Qy^  is  given  by 

Qf,=FfjEfaT)€,dAx  (W)  (5) 

where  ey  and  e,  are  the  grey-body  emissivities  of  the  fila¬ 
ment  and  substrate,  a  is  the  Stefan-Boltzmann  constant 
(5.67X10"'^  W/cm^K^). 

Three  calculations  were  compared  to  illustrate  the  rel¬ 
ative  importance  of  various  factors.  In  the  first,  only  the 
radiation  flux  from  the  filament  was  considered,  while  ra¬ 
diation  from  the  substrate  to  the  reactor  walls  was  ignored. 
It  follows  from  Eq.  (S)  that  the  radiation  flux  from  the 
filament  at  any  given  point  on  the  substrate  is  proportional 
to  the  shape  factor  at  that  point.  Assuming  a  constant 
filament  temperature,  the  problem  in  this  case  reduces  to 
evaluation  of  the  shape  factor  at  different  points  on  the 
substrate.  It  is  assumed  that  the  substrate  temperature  is 
propor  .ional  to  Qf,  and  thus,  only  normalized  temperature 
profiles  can  be  predicted  which  depends  only  on  the  fila¬ 
ment  shape  and  geometry  through  Pfr 

The  second  calculation  improves  upon  the  first  by  con¬ 
sidering  heat  losses  from  the  substrate  to  the  reactor  walls 
by  radiation.  The  water-cooled  walls  of  our  reactor  (Fig. 
1 )  are  assumed  not  to  reflect  incident  radiation  and  hence 
are  modeled  as  infinite  heat  sinks.  Thus,  the  energy  lost  by 
the  substrate  to  its  surroundings  is  given  by 

Q^=2e,(T,)tldAx  (W),  (6) 

where  T,  is  the  substrate  temperature  and  is  the 

temperature  dependent  grey-body  emissivity  of  the  sub¬ 
strate'^  which  was  fitted  to  a  third  degree  polynomial  for 
500  K<r,<  1200  K, 

=  -2.8324-1-  1.0379X  10-^r,-9.653x  lO-^T^ 

-h  2.963  XlO-’r^  (7) 

The  factor  of  2  in  Eq.  (3)  accounts  for  heat  loss  by  both 
surfaces  of  the  substrate.  At  steady  state  conditions,  Qf^ 
equals  and  is  determined  from  Eqs.  (5)  and  (6). 
For  each  calculated  temperature  profile,  the  wafer  surface 
was  divided  into  a  mesh  of  square  grids  of  area  0.2S  cm^. 
Further  grid  refinement  did  not  alter  the  results  of  the 


Distance  from  Filament  (cm) 


FIG.  3.  A  comparison  between  normalized  calculated  temperature  pro¬ 
files  for  a  single  filament  at  ^=0  cm,  length=9  cm,  df=  1.27  mm,  and 
hf=  1.6  cm.  Radiation  flux  from  filament  (-  -  -),  radiation  balance  ( — ), 
radiation  balance  plus  lateral  conduction  (  — ). 

calculations.  Initial  guesses  for  the  minimum  and  maxi¬ 
mum  substrate  temperature  provided  the  starting  values, 
and  successive  substitution  was  used  to  solve  for  new  tem¬ 
perature  values,  and  the  entire  process  was  iterated  until  a 
convergence  criteria  of  0.25  K  was  met. 

In  the  final  calculation,  the  effect  of  lateral  conduction 
of  heat  in  the  wafer  was  also  included.  The  amount  of  heat 
Qc  conducted  between  a  grid  point  on  the  surface  and  one 
of  its  four  neighbors  can  be  written  as 

Qc=k,(T,)t,{T-T„)  (W).  (8) 

Here  f^(cm)  and  T„  are  the  thickness  of  the  substrate  and 
the  temperature  of  a  neighboring  grid,  respectively.  The 
temperature  dependence  of  the  thermal  conductivity  of  sil¬ 
icon,  k^(Ts)  (W/cm  K),'^  is  accounted  for  by  the  polyno¬ 
mial, 

Aj(r,)=2.4408-5.1269x  lO-^Tj-f  4.2304X  lO"*!^ 

- 1.2292  XlO-’rJ.  (9) 

Temperature  profiles  were  calculated  as  outlined  previ¬ 
ously,  except  now  there  are  four  additional  terms  of  the 
form  of  Eq.  (8) — one  for  each  neighboring  grid — that 
must  be  included  in  the  energy  balance.  The  final  calcula¬ 
tion  will  be  used  throughout  the  final  results  and  discussion 
section  unless  otherwise  indicated. 

IV.  RESULTS  AND  DISCUSSION 
A.  Comparison  of  heat  transfer  calculations 

The  temperature  profiles,  as  predicted  by  the  three  cal¬ 
culations,  were  compared  for  the  simplest  case  of  a  single, 
straight  Ta  filament  of  9  cm  length.  The  temperature  vari¬ 
ation  on  the  centerline  of  the  substrate  perpendicular  to  the 
filament  is  shown  in  Fig.  3.  It  is  clear  that  even  when  only 
radiation  flux  is  taken  into  account,  the  predicted  temper¬ 
ature  profile  is  in  reasonable  agreement  with  the  other  two 
profiles  representing  the  radiation  balance  and  radiation 
plus  conduction. 

A  consequence  of  lateral  heat  conduction  in  the  wafer 
is  that  it  reduces  both  the  maximum  substrate  temperature 
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PIG.  4.  Temperature  contours  for  a  single  filament  of  length  9  cm  s, 
diameter  1.27  mm,  T/— 2600  K,  and  (/=0.3  as  calculated  from  (a)  a 
radiation  balance  and  (b)  with  lateral  conduction. 

and  the  gradients  across  the  rubstrate.  The  predicted  con¬ 
tour  plots  are  drawn  for  a  single  straight  filament  of  9  cm 
length  for  the  radiation  balance  with  and  without  lateral 
heat  conduction  (Fig.  4).  The  maximum  temperature  (lo¬ 
cated  at  the  center  of  the  wafer)  as  predicted  are  975  and 
790  K,  respectively.  The  temperature  gradients  along  the 
direction  perpendicular  to  the  filament  axis  are  also  smaller 
when  the  effect  of  lateral  heat  conduction  along  the  wafer 
is  also  taken  into  account.  For  instance,  the  distance  be¬ 
tween  100°  contouii,  is  ~0.5  cm  for  the  radiation  only 
calculation,  but  tak^;;  place  over  ~0.9  cm  distance  when 
conduction  is  included.  Increasing  the  wafer  thickness  or 
mounting  the  wafer  on  a  solid  support  would  increase  the 
effect  of  conduction  and  improve  temperature  uniformity. 
However,  the  general  shape  of  the  profile  imposed  by  ra¬ 
diation  will  remain. 

B.  Calculation  versus  measurement 

The  substrate  temperature  profile  predicted  by  the  final 
calculation  was  compared  to  values  measured  under  vac¬ 
uum  for  the  case  of  three  parallel  tantalum  filaments  (Fig. 
3).  Since  the  experiment  was  performed  in  vacuum,  the 
calculation  considers  all  means  of  the  heat  transfer  and 
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PIG.  S.  Comparison  between  calculated  temperature  contours  (K)  for 
three  parallel  tantalum  filaments  at  ^=0,  :fel.S  cm  under  vacuum  and 
measured  data.  9SO-I01S  K:  solid  squares,  830-950  K:  open  triangles, 
730-830  K:  solid  circles,  630-730  K;  open  squares.  Filament  parameters 
were  1.6  mm,  hf=0.9  cm,  length=6.2  cm. 


contains  no  adjustable  parameters.  The  experimental  data 
agrees  well  considering  the  filaments  tend  to  bend  during 
operation. 

The  calculation  neglects  heat  transfer  due  to  conduc¬ 
tion  and  hydrogen  atom  recombination.  In  order  to  esti¬ 
mate  and  distinguish  the  effect  of  these  two  contributions 
the  temperature  of  the  center  of  the  substrate  was  moni¬ 
tored  in  a  vacuum,  and  at  30  Torr  in  helium  and  in  hydro¬ 
gen.  Raising  the  pressure  from  vacuum  to  30  Torr  in  he¬ 
lium  resulted  in  a  20  °C  increase  in  the  center  temperature. 
Repeating  the  experiment  in  hydrogen  resulted  in  a  90  *C 
increase.  Based  on  the  thermal  conductivities  of  the  two 
gases,  approximately  60±S’C  of  the  temperature  rise  is 
attributed  to  the  H  atom  recombination  and  25  ±  5  °C  to 
conduction.  These  findings  are  in  good  agreement  with  pre¬ 
vious  observations.”  Further  increasing  the  reactor  pres¬ 
sure  up  to  300  Torr  did  not  effect  the  substrate  temperature 
in  either  gas.  No  change  in  conduction  is  expected  as  the 
thermal  conductivity  of  gases  is  nearly  invariant  to  pres¬ 
sure.  However,  the  insensitivity  to  pressure  also  indicates 
that  the  H  atom  recombination  rate  at  the  center  of  the 
substrate  is  limited  by  the  surface  reaction  under  these 
conditions.  From  the  difference  observed  in  substrate  tem¬ 
perature  between  vacuum  and  a  hydrogen  atmosphere,  it  is 
calculated  that  the  contribution  by  H  atom  recombination 
and  conduction  to  the  energy  flux  from  the  filament  to  the 
substrate  at  deposition  conditions  is  33  ±5%  of  the  flux 
due  to  radiation.  The  recombination  of  H  atoms  at  sub¬ 
strate  temperatures  is  a  very  exothermic  reaction” 

H-|-H=H2  (A/f,= -444  kJ/mol  of  Hz).  (10) 

From  the  heat  of  reaction  and  estimated  energy  flux, 
the  H  atom  recombination  rate  was  calculated  to  be  5 
X  10~*  mol/cm^  s.  Using  recent  measurements  of  the  H 
atom  concentration  in  a  hot-filament  CVD  system  by 
Hsu,”  it  is  calculated  that  H  atoms  bombard  the  substrate 
at  a  rate  of  1 X  10““*  mol/cm^  s.  Although  these  are  rough 
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TABLE  I.  Emissivity  of  common  refractory  materials.* 


X  (cm) 


FIG.  6.  Comparison  between  calculated  temperature  contours  (K)  for 
three  parallel  tantalum  filaments  at  >>=0,  ±1.S  cm  at  100  Torr,  and 
measured  data.  lOSO-1 100  K;  solid  squares,  9S0-I0S0  K:  open  triangles, 
8S0-9S0  K:  solid  circles,  7SO-8SO  K:  open  squares.  Filament  parameters 
were  <fy=  1.27  mm,  1.2  cm,  length=7  cm. 

estimates,  the  differences  in  magnitude  indicate  that  the 
surface  reaction  is  indeed  rate  limiting  at  the  center  of  the 
wafer. 

Radiation-based  calculations  were  compared  to  tem¬ 
perature  profiles  measured  under  diamond  growth  condi¬ 
tions  (Fig.  6).  The  overall  shape  and  gradients  of  the  pre¬ 
dicted  contours  show  good  agreement  with  measurements, 
but  the  actual  temperatures  were  ~1(X)*C  greater  than 
predicted,  as  can  be  accounted  for  by  H  atom  recombina¬ 
tion  and  conduction.  The  importance  of  atomic  hydrogen 
in  the  deposition  of  diamond  has  been  reviewed.'^  Tlie 
concentration  of  atomic  hydrogen  in  the  gas  phase  depends 
on  the  carbon  concentration,  filament  diameter,  and  fila¬ 
ment  temperature. Therefore,  it  is  expected  that  the 
number  and  shape  of  the  filaments  will  have  an  effect  on 
the  quality  of  the  film,  perhaps  in  a  complicated  way.  The 
agreement  of  experimental  and  calculated  temperature  gra¬ 
dients  in  Fig.  6,  despite  the  omission  of  hydrogen  chemis¬ 
try,  suggests  that  the  H  atom  flux  has  a  similar  dependence 
on  filament  geometry  as  the  radiation  flux. 

C.  Maximum  substrate  temperature 

The  effect  of  parameters  like  filament  diameter  (df), 
emissivity  (cy),  temperature  (Tf),  and  the  filament- 
substrate  separation  (h^)  has  a  profound  effect  on  both  the 
substrate  and  gas-phase  temperatures,  which  influence 
both  the  growth  rate  and  the  quality  of  the  film.  Varying 
one  of  the  first  three  variables  does  not  appreciably  change 
the  substrate  temperature  profiles,  but  they  influence  the 
magnitude  of  the  surface  temperatures  and  thus  can  be 
examined  through  consideration  of  the  maximum  substrate 
temperature.  The  effect  of  these  parameters  are  not  inde¬ 
pendent  of  each  other.  Thus,  the  growth  conditions  are 
altered  in  a  complex  manner. 

Ail  experimental  determination  of  the  true  filament 
temperature  requires  knowledge  of  the  emissivity  of  the 
filament,  which  not  only  depends  on  the  surface  roughness 


K 

W 

Re 

Ta 

0.66  fim 

0.36 

0.41 

0.38 

1.6  /im 

0.29 

0.30 

n/a 

2.6  /im 

0.22 

0.21 

n/a 

but  also  on  the  filament  material.  Table  I  summarizes  the 
emissivity  data  of  refractory  metals  commonly  used  in  hot- 
filament  CVD.^' 

Calculations  with  the  same  filament  geometry  show 
that  the  maximum  substrate  temperature  is  sensitive  to  ey 
[Fig.  7(a)].  For  example  a  change  from  0.3  to  0.4  increases 
the  temperature  by  73  K.  Note  that  both  tungsten  and 
tantalum  form  carbides  during  deposition,  and  variations 
in  emissivity  may  significantly  effect  the  substrate  temper¬ 
ature  during  carburization. 

Though  radiation  flux  from  the  filament  is  propor¬ 
tional  to  7y,  the  maximum  substrate  temperature  increases 
only  linearly  with  T f  since  this  effect  is  balanced  by  in¬ 
creased  radiation  from  the  substrate  to  the  wall  [Fig.  7(b)]. 
The  substrate  temperature  only  varies  10*  with  a  25° 
change  in  Ty.  Therefore,  errors  in  our  optical  determina¬ 
tion  of  the  filament  temperature  will  not  significantly  effect 
the  results  of  the  calculations.  For  deposition  of  high  qual¬ 
ity  material  for  optical  and  electronic  applications,  a  more 
important  concern  is  the  strong  temperature  dependence  of 
the  vapor  pressure  (Pyap)  oi  common  filament  mater¬ 
ials  such  as  Ta,  W,  and  Re.^*  For  example,  Pv,p  for  tanta¬ 
lum  is  almost  five  times  greater  at  2600  K  than  at  2500 
K.^'  Thus,  the  concentration  of  impurities  from  the  fila¬ 
ment  incorporated  into  the  growing  film  depends  strongly 
on  temperature  as  demonstrated  by  Jansen  and  co- 
workers^^  for  rhenium  filaments.  Thus  the  level  of  accept¬ 
able  impurity  concentration  would  determine  the  upper 
limit  of  the  operating  filament  temperature.  The  lower 
limit  appears  to  be  2400  K,  the  temperature  required  to 
thermally  activate  the  necessary  gas-phase  chemistry.'^ 

A  better  way  to  control  the  substrate  temperature  is 
through  variation  of  the  filament  diameter.  The  maximum 
substrate  temperature  is  strongly  dependent  on  filament 
diameter  as  the  radiation  flux  is  directly  proportional  to  the 
filament  diameter  [Fig.  7(c)].  The  substrate  temperature 
increases  by  105  °C  as  df  increases  from  0.5  to  1  mm. 

Increasing  the  filament-substrate  separation,  hf,  de¬ 
creases  the  maximum  substrate  temperature  because  it  de¬ 
creases  the  view  factor  [Fig.  7(d)].  However,  the  temper¬ 
ature  drops  only  10°  for  a  1  mm  increase  in  h y.  However, 
the  effect  of  Ay  will  be  more  pronounced  for  filaments  close 
to  the  substrate  (  <  5  mm).  The  effect  of  Ay  on  the  temper¬ 
ature  contours  is  discussed  further  in  the  next  subsection. 


The  model  provides  a  convenient  tool  to  investigate 
novel  filament  geometries  to  improve  temperature  unifor¬ 
mity.  First,  the  effect  of  the  number  of  filaments  and  their 
spacing  was  examined.  The  temperature  profiles  for  paral- 


•See  Ref.  21. 


D.  Substrate  temperature  uniformity 
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FIG.  7.  The  dependence  of  calculated  maximum  substrate  temperature  on  (a)  filament  emissivity  </,  (b)  filament  temperature  T f,  (c)  filament  diameter 
dy,  and  (d)  filament-substrate  separation  hf.  Calculations  for  three  10  cm  parallel  filaments  at  ^=0,  ±2  cm.  The  other  parameters  used  are  dy.=  1.2S 
mm,  Ay=1.2  cm,  e/=0.4,  Tf=2i00  K. 


lei  filaments  separated  by  2  cm  are  shown  in  Fig.  8.  Com¬ 
paring  contours  for  1,  5,  and  15  filaments  demonstrates 
that  temperature  uniformity  is  significantly  improved  when 
the  filament  number  is  increased  [Figs.  8(a),  8(b),  and 
8(c)].  The  difference  between  minimum  and  maximum 
substrate  temperature  in  the  three  cases  is  225,  45,  and 
15  °C,  respectively.  Hence,  increasing  the  number  of  fila¬ 
ments  improves  temperature  uniformity  at  the  expense  of 
simplicity  and  increased  energy  consumption. 

In  addition,  temperature  uniformity  is  improved  as  the 
filament-substrate  separation,  hf,  is  increased  while  the  dis¬ 
tance  between  filaments  is  held  constant.  For  an  infinite 
number  of  long,  parallel  filaments,  it  was  found  that  when 
h f  was  0.75  ±0.05  of  the  filament  spacing,  the  temperatures 
across  a  4  in.  silicon  wafer  varied  by  <  10%.  These  calcu¬ 
lations  suggest  that  Ay  should  be  as  large  as  the  separation 
between  the  filaments  to  ensure  reasonable  temperature 
uniformity.  However,  the  transport  of  species  from  the  hot 
filament  to  the  substrate  is  dominated  by  diffusion.^^  Con¬ 
sequently,  the  maximum  value  of  Ay  is  limited  by  the  need 
to  maintain  a  sufficient  flux  of  H  atoms  and  diamond  pre¬ 
cursors  to  the  substrate.  Characteristic  diffusion  lengths, 
the  distance  a  species  will  diffuse  before  being  consumed 
chemically,  were  estimated  for  hot-filament  CVD  condi¬ 


tions  by  Goodwin  and  Gavillet.^^  These  values  are  summa¬ 
rized  for  important  species  in  Table  II. 

An  alternative  to  increasing  the  number  of  filaments  is 
using  unique  filament  shapes.  The  calculations  were  used 
to  design  the  filament  shown  in  Fig.  9(a).  The  solid  line  is 
the  actual  shape  of  the  filament  used  and  the  dotted  line  is 
the  straight  filament  approximation  used  for  the  calcula¬ 
tions.  The  measured  substrate  temperature  over  the  shaded 
2x6  cm  area  was  1060 ±30  K,  while  the  calculated  con¬ 
tour  which  shows  7’=910±30  K  over  the  same  area  [Fig. 
9(b)].  Note  that  for  this  filament  geometry  the  difference 
between  calculated  and  measured  values  is  150  K,  which  is 
accounted  for  by  the  H  atom  recombination  and  conduc¬ 
tion  and  the  approximation  of  the  true  filament  geometry, 
but  again  it  did  not  affect  the  gradients. 

As  mentioned  previously,  the  effect  of  filament  param¬ 
eters  are  not  independent.  These  interrelationships  may  be 
manipulated  judiciously  to  design  filament  geometries  for 
improved  substrate  temperature  uniformity  as  shown  in 
Fig.  10.  Figure  10(a)  shows  the  temperature  profiles  for 
three  parallel  filaments  of  the  same  diameter  and  filament- 
substrate  separation.  The  maximum  substrate  temperature 
is  958  K.  By  slightly  decreasing  </y  of  the  middle  filament 
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R  and  angular  position  The  average  shape  factor  for  a 
given  radius  is  given  by 


F(/l).vg=^  Ff,(R,4,)d4,. 


The  averaged  shape  factor  was  used  in  conjunction 
with  Eqs.  (5)-(9)  to  generate  temperature  profiles  as  be¬ 
fore.  Figure  1 1  shows  a  comparison  between  a  stationary 
and  rotating  substrate  for  three  parallel  filaments.  In  addi¬ 
tion  to  gaining  symmetry,  the  temperature  gradients  are 
much  smaller  in  the  rotating  case.  Rotation  decreases  the 
maximum  temperature  difference  across  the  substrate  from 
220  to  140  K.  The  reason  for  this  improvement  is  that  the 


FIG.  8.  Comparison  of  calculated  temperature  profiles  for  (a)  I  filament 
aty=0cm;  (b)  S  filaments  at ^=0,  ±2,  ±4  cm;  (c)  15  filaments  at  j'=0, 
±2,  ±4,  ±6,  ±8,  ±10,  ±12,  ±14  cm.  In  each  case  lengths  16  cm, 
<//•=  I  mm,  hr=  I  cm,  T/=2(i00  K. 


and  hf  of  the  outer  filaments,  an  18  cm^  area  is  obtained 
where  7’,=915±15  K  [Fig.  10(b)]. 

To  investigate  another  method  of  achieving  substrate 
temperature  uniformity  the  calculations  were  used  to  ana¬ 
lyze  the  effect  of  rotating  the  substrate.  Equations  ( l)-(4) 
were  used  to  compute  the  shape  factor  for  points  at  radius 


-4  -2  0  2  4 

X  (cm) 

FIG.  9.  Comparison  of  (a)  2  filament  geometry  (solid  line)  and  area  of 
measured  temperature  uniformity  and  (b)  calculated  temperature  con¬ 
tours  for  straight  filament  approximation  (dashed  line).  Other  parame¬ 
ters:  df=\.H  mm,  hf=  \  cm. 
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FIG.  10.  Comparison  of  calcutaced  temperature  profiles  for  (a)  3  fila¬ 
ments  at  >=0,  ±2  cm:  rfy=1.5  mm,  h/=l  cm,  r/=2600  K;  (b)  I 
filament  at  y==Q  cm:  <l/=  1.2  mm,  1  cm,  2  filamrats  at  y=  ±2  cm: 
df=  1.3  mm,  Ay=0.7  cm.  All  filaments  10  cm  long,  T f=2((Xi  K. 


entire  substrate  comes  in  close  proximity  to  the  filaments  at 
some  point  during  rotation. 

E.  Relationship  to  growth  rates 

Jansen  and  co-workers^^  have  studied  diamond  depo¬ 
sition  rates  for  various  filament  geometries.  Film  thick¬ 
nesses  were  measured  at  different  distances  perpendicular 
to  the  middle  of  the  filament(s)  and  found  to  be  a  strong 
function  of  position  and  filament  geometry.  Our  normal¬ 
ized  radiation  flux  profiles  calculated  from  Eqs.  (l)-(2) 
were  compared  with  their  reported  normalized  film  thick¬ 
ness  profiles  (Fig.  12).  Since  the  deposition  time  for  these 
films  was  kept  constant,  it  is  clear  that  the  growth  rate 
profiles  closely  follow  the  variations  in  radiation  flux.  The 
maximum  growth  rate  (on  an  absolute  scale)  for  both  case 
A  and  B  was  found  to  be  the  same,  in  agreement  with  the 
fact  that  the  substrate  was  held  at  constant  temperature. 
Thus,  the  consistently  higher  growth  rates  observed  away 
from  the  center  for  the  longer  filament  is  due  solely  to 
geometry.  Though  the  substrate  was  held  at  a  nominal 
temperature  of  900  *C  by  external  heating,  temperature 
variations  across  the  substrate  may  remain  due  to  radiation 
flux  from  the  filament.  In  addition,  the  authors  found  that 


X  (cm) 


FIG.  11.  Comparison  of  calculated  temperature  profiles  for  (a)  station¬ 
ary  and  (b)  rotating  substrates.  Three  10  cm  filaments  separated  by  2  cm. 
Other  parameters  are  1.0  mm,  hf=  1.0  cm,  T K. 


the  deposition  rate  was  independent  of  filament  diameter. 
The  normalized  radiation  flux  is  also  independent  of  the 
filament  diameter,  depending  solely  on  the  filament  posi¬ 
tion  and  length. 

Another  explanation  is  that  the  variations  in  growth 
rate  may  result  from  a  spatial  distribution  in  the  flux  of 
gaseous  precursors  and/or  the  H  atom.  As  previously  dis¬ 
cussed,  the  H  atom  flux  may  have  a  similar  dependence  on 
filament  geometry  as  radiation. 

There  is,  however,  a  marked  departure  from  this  linear 
relationship  for  case  D  (two  4  in.  filaments  separated  by  20 
mm)  where  the  growth  rate  at  the  center  of  the  substrate 
deviates  from  the  radiation  flux  profile.  An  explanation  for 
this  deviation  may  be  depletion  of  gas-phase  diamond  pre¬ 
cursors  due  to  Soret  diffusion.^^  In  this  case  a  hot  zone 
between  the  two  filaments  is  created  where  the  relatively 
heavy  carbon  containing  molecules  are  displaced  by  hydro¬ 
gen  molecules  and  atoms.  In  case  C  (two  4  in.  filaments 
separated  by  9  mm)  this  zone  is  much  smaller  and  enough 
pr^ursors  can  diffuse  in  from  the  sides  so  as  not  to  limit 
the  growth  rate. 
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FIG.  12.  A  comparison  between  the  normalized  growth  profiles  as  mea¬ 
sured  by  Jansen  and  co-workers  (Ref.  22)  and  normalized  radiation  flux 
profiles.  Case  A;  one  0.S  in.  filament,  case  B;  one  4  in.  filament,  case  C; 
two  4  in.  filaments  9  mm  apart,  case  D:  two  4  in.  filaments  20  mm  apart. 
All  cases  df=\.Q\(i  mm,  hf=  1.2  cm. 


V.  CONCLUSIONS 

An  ability  to  grow  uniform  diamond  films  over  a  large 
area  requires  that  the  substrate  temperature  be  held  con¬ 
stant.  Even  in  the  presence  of  external  heating,  tempera¬ 
ture  gradients  across  the  substrate  may  remain  due  to  the 
proximity  of  the  filament  to  the  substrate.  Heat  transfer 
calculations  were  used  to  predict  temperature  profiles 
across  the  substrate  as  a  function  of  filament  shape  and 
geometry.  These  calculations  gave  reasonable  agreement 
with  er.perimental  measurements.  It  is  evident  that  hydro¬ 
gen  recombination  makes  a  significant  contribution  to  the 
substrate  temperature,  but  uniformity  is  determined  by  the 
geometric  dependence  of  the  radiation  flux.  We  developed 
a  two-filament  geometry  based  on  the  calculations  that 
yielded  uniform  substrate  temperatures  over  a  relatively 
large  area.  The  effect  of  other  deposition  parameters  was 
also  discussed.  We  have  demonstrated  that  for  a  number  of 
filament  geometries,  a  close  match  exists  between  the  nor¬ 
malized  radiation  flux  profiles  and  the  growth  rates.  Cur¬ 


rently,  an  effort  is  under  way  to  use  these  results  to  develop 
filament  geometries  capable  of  depositing  diamond  films 
over  large  areas. 
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Comparison  of  Tantalum  and  Rhenium  Filaments  in 
Diamond  CVD  Using  Selective  Carbon-13  Labeling 

K.  M.  McNamara  and  K.  K.  Gleason 

Department  of  Chemicaf  Engineering,  MIT.  Cambridge,  Masaachusetla  02139 
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Heterogeneous  caibon  scranribling  at  the  hot-fHament  in  thermatty  assisted  diamond  chemical  vapor  deposition  has  been  investigated 
through  isotopic  iabeling  studies.  Films  were  produced  using  acetone,  preferentially  labeled  at  either  the  methyl  or  carbonyl  carbon,  and 
incorporation  was  determined  from  the  shift  of  the  first-order  ctamond  one-phonon  band  in  the  Raman  spectra.  A  comparison  of  the 
effects  of  caibtde-fonming  materials,  such  as  tantalum,  and  non-carbide  formers,  such  as  rhenium,  is  made.  Results  todicate  that  heteroge¬ 
neous  scrambling  is  limited  in  the  rhenium  case,  which  may  prove  useful  in  selective  isotopic  labeling  studies.  This  study  demonstrates  the 
importance  of  heterogeneous  reactions  at  the  hot-filament  and  thus,  has  important  implication  for  the  modeling  of  these  systems. 


Hot-filament  chemical  vapor  deposition  (CVD)  has  been  used 
extensively  to  produce  diamond  films  at  low-pressure.''*  One  of  the 
reasons  cited  for  choosing  this  technique  is  the  simplified  gas- 
phase  chemistty  with  respect  to  plasma  systems.  Species  meas¬ 
urements  have  shown  that  the  gas-phase  concentrations  of  many 
carbon  species  in  a  typical  hot-fHament  CVD  environment,  such  as 
CjHi,  CO,  and  CH4,  approach  those  calculated  at  aquHibrium  for 
the  filament  temperature  and  reactor  pressure.^'*  In  addition,  there 
has  been  extensive  kinetic  modeling  of  the  gas-phase  chemistry 
within  these  systems.'*''*  While  these  horriogeneous  reactions 
have  been  explored  in  some  detail,  little  information  is  available 
concerning  the  heterogeneous  chemistry  within  the  system.  Of  par¬ 
ticular  interest  are  heterogeneous  reactiw  at  the  hottest  surface  in 
the  reactor,  the  filament,  which  is  often  a  carbide-fonning  refractory 
metal,  such  as  tantalum  or  tungsten.  Metals  which  do  not  form 
carbides,  such  as  rhenium,  have  also  been  used  successfully  for 
filaments  in  diamond  deposition.  Comparison  of  these  types  of 
materials  by  selective  istftopic  labeling  of  the  carbon  source  may 
shed  Nght  on  the  importance  of  heterogeneous  reactions  at  the 
hot-filament. 

Selective  isotopic  labeling  has  been  used  successfully  to  study 
the  kinetics  of  contoustion  systems.'*'**  In  many  systems,  however, 
the  application  of  this  technique  is  limited  by  ra|M  homogeneous 


gas-phase  or  heterogeneous  surface  reactions  which  scramble  or 
rearrange  carbons  from  different  sites  in  various  species.  Such 
scrambling  is  often  rapid  between  hydrocarbon  species.*'  How¬ 
ever,  this  type  of  scrarnbling  is  not  necessarily  corriplete  under  all 
conditions.  Chu  et  ai.  have  shown  that  in  cases  where  only  partial 
scrambling  occurs,  selective  isotopic  labeling  can  be  used  to  gain 
insight  into  the  kinetics  of  diamond  formation.*''** 

The  heterogeneous  chemistry  at  carbide-forming  filaments  is  a 
particularly  interesting  method  by  which  carbon  lab^  may  scram¬ 
ble.  If  this  type  of  reaction  proceeds  to  a  significant  extent,  the 
results  of  labeling  studies  may  differ  from  those  found  in  systems 
using  method  which  do  not  form  carbides.  This  has  important  impli¬ 
cations  for  the  modeling  of  hot-filament  CVD  where,  to  date,  such 
reactions  have  not  been  considered. 

Heterogeneous  chemistry  at  the  filament  has  been  examined 
using  hot-filament  deposition  under  the  operating  corxfitions  shown 
in  Table  I.  Acetone  was  used  as  the  carbon  source,  introducing  the 
effects  of  oxygen  on  both  the  homogeneous  and  heterogeneous 
chemistry  in  the  system.  The  acetone  was  selectively  labeled  at 
either  the  methyl  or  carbonyl  carbon,  as  in  previous  work.*  Acetone 
was  chosen  as  the  carbon  source  because  it  is  expected  to  readily 
yield  methyl  radicals  and  CO.  Although  selectively  labeled  hydro¬ 
carbons  in  the  gas-phase  are  expected  to  scramble  compiet^  in 
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Flameni  temperature 

2500-2600  K 

Substrate  ternperalure 

HOOK 

FHamsntfoubMrMo  diatance 

1  cm 

Total  pressure 

200Torr 

Ht  flowrate 

100  seem 

Aostons  flowrate 

2  seem 

Seed  (natural  damond  powder) 

<0.^ 

Substrate  material 

silicon 

QM  phase  reacUons,”  isotopic  labeling  studies  have  shown  that 
homogeneous  gas-phase  scrambling  of  CO  with  hydrocarbons, 
under  conditions  similar  to  those  In  our  system,  is  minimal.'*-^ 
EquiHbrium  calculalions  indicate  that  the  final  CO  concentration  at 
equilibrium  Is  90.999%  of  the  Initial  carbonyl  concentration. 

The  level  of  incorporation  of into  the  growing  diamond  film 
was  delsnnined  from  the  Isotopic  shm  in  the  first-order  Raman 
frequency.  In  this  work,  the concentralion  is  dstsrmined  from  a 
aecond-ordsr  polynomial  fit  to  the  experimental  data  of  Banholzer 
and  AntfKxry,  who  used  labeted  high  prsasure  synthetic  dia¬ 
mond  to  measure  the  change  in  Raman  frequency  as  a  function  of 
concentration.”  These  raeults  have  been  confirmed  by  Chu 
ef  af.  for  '%-enriched  damond  Mma  as  wal.*''”  The  uncertainty  in 
the  Raman  peak  position  Is  roughly  ±2  cm~'  for  macro-Raman; 
±1.5  cm*'  for  micro-Raman.  This  corresponds  to  an  uncertainty  of 
less  than  4  and  3%  in  the  enrichment  for  the  macro-  and 
micro-Raman,  respectively.  There  is  greater  uncertainty  in  macro- 
Raman  due  to  a  decraaae  in  the  sigrial-to-noise  ratio. 

There  are  other  factors,  such  as  temperature””  and  straas  in 
the  film,””-”  which  can  also  cause  the  Raman  band  to  shift.  How¬ 
ever,  the  temperature  of  the  sample  can  bs  controfied  by  lowering 
the  incident  laser  power,  and  straes  shMIs  am  typicafiy  small  (:SS 
wavenumbers).  To  minimize  the  effects  of  stress  shift,  the  same 
substrate  material  was  used  in  all  experiments,  reducing  the  varia¬ 
tion  from  sample  to  sample.  In  addHion,  the  Raman  frequency 
measured  for  natural  abundance  aamplee  produced  on  silicon  un¬ 
der  similar  conditions  was  1332  cm'*,  indfoaling  that  Stress  Shifts 
observed  on  this  material  will  bs  small. 

In  the  first  samples  in  Table  11  (TaMI  and  TaCI).  the  acetone 
source  (Cambridge  Isotopa,  Inc.)  was  99%  '%-enriched  at  the 
aelectod  carbon,  giving  overal  gas-phase  enrichments  of  65  and 
32.5%  for  the  metf^  and  carbonyHabelod  cases,  respectively.  The 
filament  was  tantalum,  pre-carburized  in  natural-abundance  (1.1% 
'%)  acetone  tor  ~3  h.  Runs  were  carried  out  for  3-4  h  at  a  growth 
rate  of  ~3  pm/h  to  yisld  10  to  12  pm  thick  continuous  films.  These 
films  were  pale  gray  in  appearance  and  showed  weH-deflned  facets 
under  opU^  microscopy.  These  (Urns  were  further  characterized 
by  nuclear  magnetic  resonance  spectroscopy  (NMm,  which 
showed  only  one  peak,  indicative  of  sp’  bonded  carbon.” 

The  macro-Raman  spectra  of  the  fMms  are  found  In  Fig.  1 ,  show¬ 
ing  the  shiftod  one-phonon  diamond  band.  The  positions  of  the  first 
order  diamond  Raman  bands  are  tabuiatod  in  Table  II,  as  are  the 
calcuiatod  concentratkm  calculatod  using  the  erqierimentat 
second-order  polynomiat.  Tlw  oonoentratlorrs  detomnlned  were 
65  ±  4%  and  32  ±  4%,  for  the  methyl  and  carbonyHabeled  cases, 
respedively,  ktenlical  to  the  overall  gas-phase  enrichments  wlfiiin 
the  experirnental  uncertainty.  This  most  likely  indicatos  compieto 
scrambling  of  '*0,  which  is  surprising  since  CO  carbons  are  not 
expected  to  undergo  homogeneous  scrambling  in  the  gas-phase 
under  these  condidone.'*-” 

To  verify  this  result,  a  similar  experiment  was  carried  out  using 
selectively  ’^-enriched  acetone  with  the  same  overall  gas-phase 


Tabis  N.  Reaulls  of  enrichment  studies. 


Diamond 


Sample 

Filament 

material  Label 

%’*C^ 

one-phonon 
raman  shift 
V  (cm"’) 

TaMI 

Ta 

methyl 

65 

65±4 

1305 

TaCI 

Ta 

carbonyl 

32.5 

32±4 

1321 

TaM2 

Ta 

methyl 

22 

22±3 

1325 

TaC2 

Ta 

carborryl 

22 

22±3 

1325 

DaU 

rs^MVI 

Re 

methyl 

22 

24  ±3 

1324 

ReC 

Re 

carhop 

22 

8±3 

1330 

Fig.  1.  Macro-Raman  apactra  of  flbna  wMi  tantalum  and  323 
and  68%  gas  phnaa  enrtchmanta  for  the  carboy  (lop)  and 
methyl  (bottom)  tabatei  rsapecthrely.  The  top  (carbonyl)  ehoere 
the  Wret-ordar  Raman  fraqusncy  at  1321  cm~\whWa  the  bottom 
(msthyO  ahMt  la  1306  cm'. 


enrichment  of  22%  (samples  TaM2  and  TaC2).*  Again,  the 
NMRspectrao(thesefilmsshowsonlyonepeakat36ppm,indfoa- 
tive  of  sp*  bondtog.  The  overlap  of  the  micro-Raman  diamond  one- 
phonon  bands  for  theae  two  films  (Table  II  and  Fig.  2)  support  the 
earlier  findings  that  In  both  the  matoyl  and  carbonyl  label  case,  the 
enrichment  ^  the  solid  film  closely  matches  that  of  the  gas  phase. 
Secondary  ion  mass  spectroeoopy  (SIMS)  was  used  to  determine 
If  the  filament  oonirbuted  to  heterogeneous  Isotopic  scrambling  of 
the  carbonyl  IMrel.  The  filament  was  first  pre-carburized  in  natural 
at’jndance  acetone  before  exposure  to  carbonyl-iabeled  acetone. 
Signals  from  the  '*C  containing  species  were  detected  at  a  level 
several  orders  of  magnitude  higher  than  for  the  same  experiment 
run  under  natural  abundance  acetone.  The  signal  persisted 
throughout  the  2000  A  SIMS  depth  profile  of  the  tantalum  Mament 
expo^  to  the  enriched  acetone,  indicating  that  significant  hetero¬ 
geneous  exchange  of  the  carbonyl  carbon  occurs  even  after  the 
irfitial  carburization  period.* 

To  further  teet  the  assertion  that  heterogeneous  exchange  at  the 
tantalum  filament  contributes  to  carbonyl  carbon  incorporation  in 
the  grovring  film,  experimerris  were  carried  out  under  nominally 


Fig.  2.  Micro-Raman  apaeira  of  diamond  INms  produced  wllh 
a  tantalum  fWament  and  a  22%  gas  phase  enrichment  Inset 
shows  both  the  methyl  (bottom)  and  the  carbonyl  (top)  spso- 
trum  have  a  diamond  p^  shitlsd  to  1388  cm"'. 
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ns.  3.  Mler»4tainan  epedra  ol  dtamond  IHme  produced  with 
ett>eiiiunilMamentende22%gae  phecc  enrichment  The  bot- 
tom  apeeiruin  (maMiyq  ehowa  a  aMfl  in  Ilia  diainond  one- 
plMmon  band  to  1324  cm*'.  whHa  tlia  top  apaetruffl  (carbonyl) 
ia  only  ablftad  to  1330  cnr\ 


identical  conditions  with  the  exception  of  replacing  the  tantalum 
filament  with  a  rhenium  one  and  limiting  the  duration  of  the  mn 
(~1  pm  was  deposited).  Uniike  tantalum,  rhenium  does  not  form  a 
carbide  and  ttHi^  reduoas  the  likelihood  of  carbon  exchange  at  the 
filament.’^'  The  overaN  gas-phase  enrichment  in  both  the 
methyl  and  carbonyl-labeled  cases  (ReC  and  ReM),  was  22%. 

The  micro-Raman  spectra  of  the  samples  ReM  and  ReC  are 
shown  ki  Fig.  3.  These  spectra  show  a  dear  diamond  band,  shifted 
duetotheisolopicenrichmentbutalsocontaipcontributionsasso- 
daled  with  graphitic  carbon.  This  apparent  dMersnce  in  fUm  quality, 
relative  to  sanriples  TaMI  and  TaM2,  may  be,  In  part,  a  result  of  the 
superior  sensitivity  of  the  mtcro-Raman  technique.^  The  shift  of  the 
first-order  Raman  band  for  these  samples  is  recorded  in  Table  It 
with  the  calculated enrichment  from  the  experimental  second- 
order  polynomial.  The  concentrations  obtained  were  24  ±  3%  and 
8  ±  3%  for  the  methyt  and  carbonyHabeled  acetone,  respecttveiy. 
This  dramatic  decrease  in  the  Incorporation  of  carbonyl  carbons 
when  using  a  rhenium  filament  serves  to  highlight  the  importance  of 
heterogeneous  filament  chemistry  in  hot-filament  systems  using 
carbide-forming  filament  materials. 

Although  the  incorporation  of  carbonyl  carbons  is  greatly  reduced 
in  the  rhenium  case,  there  is  still  some in  the  fNm.  This  indicates 
that  a  smaN  amount  of  CO  may  urxiergo  conversion  to  hydrocarbon 
species  by  some  other  route.  One  powdbillty  is  that  the  enol  form  of 
acetone,  whose  concentration  is  expected  to  increase  in  a  hydro¬ 
gen  environment,”  may  provide  an  alternative  route  for  acetone 
decomposition,  separa^  the  oxygen  from  the  carbonyl  carbon. 
Also,  the  homogerieous  gas-phase  conversion  of  CO  to  hydrocar¬ 
bon  species  may  have  a  finite  contribution.  In  addition,  although 
carbon  for  heterogenerws  exchange  is  not  supplied  by  the  rhenium 
filament,  surface  reactions  at  the  fHamerrt  are  still  possible  and  may 
contribute  to  the  conversion  of  CO.  Finally,  CO  may,  in  fact,  act  as 
a  precursor  for  rflatTMnd  growth  at  a  significantly  slower  rate  than 
hydrocarbon  species. 

In  conclusion,  we  have  demonstrated  the  importance  of  hetero¬ 
geneous  reactions  at  the  hot-filament  when  a  tantalum  filament  is 
employed.  However,  this  effect  is  reduced  when  rhenium  is  the 
filament  material.  With  this  filament,  selective  labeling  studies, 
which  are  Nmitad  by  heterogeneous  scrambling,  may  be  more  eas- 
ly  carried  out.  A  significant  portion  of  the  CO  carbon  Incorporated 
Mo  diamond  films  when  using  a  tantalum  filament  occurs  thrxxjgh 
the  mechanism  of  heterogeneous  carbon  exchange  at  the  filamenL 
It  Is  expected  that  other  carbide-forming  materials,  such  as  tung¬ 


sten,  will  behave  sknNarly  to  tantalum.  This  has  irnportam  implica¬ 
tions  for  fo  j  modeling  of  chemistty  in  these  systems,  which  to  date 
has  not  it  .Cili  -  >1  such  reactions. 
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Abstract 

A  proton  nuclear  magnetic  resonance  (‘H  NMR)  spectrum  of  diamond  produced  by  chemical  vapor  deposition  typically  exhibits 
both  a  narrow  lorentzian  and  a  broad  gaussian  line.  The  spin-lattice  relaxation  time  constants  of  the  two  components  are  different 
in  one  sample  and  vary  from  sample  to  sample.  Typical  values  are  in  the  range  of  approximately  50  ms  to  I  s.  There  is  little  or  no 
hydrogen  evolution  on  annealing  in  a  nitrogen  atmosphere  at  temperatures  less  than  "50  C.  However.  T,  increases  on  annealing 
and  the  line  shape  changes  as  the  contribution  due  to  the  narrow  component  decreases.  The  magnetization  recovers  as  .\l  = 
.Vfo[l  —  expt  —  f  T,r].  where  0.5  $  I.  The  values  of  n  and  T,  increase  with  annealing  indicating  a  change  in  the  number  of 

relaxation  centers  present  in  the  sample. 


1.  Introduction 

Widespread  interest  in  synthetic  diamond  was 
renewed  with  the  discovery  that  diamond  films  could 
be  deposited  at  low  temperatures  and  pressures  using 
chemical  vapor  deposition  [I].  In  most  of  these 
processes,  a  carbon-containing  gas  (typically  CH4  or 
(CHylsCO)  and  hydrogen  are  activated  by  a  hot 
filament,  microwave  plasma  or  other  means.  Typical 
growth  conditions  employ  e.xcess  hydrogen  in  the  gas 
phase  and.  consequently,  the  deposited  films  often 
contain  hydrogen. 

The  role  of  hydrogen  in  diamond  films  is  still  not 
completely  understood.  In  other  electronic  materials  the 
defect  sites  are  passivated  by  hydrogen,  thereby 
improving  the  quality  of  the  material  [2].  For  e.xample. 
defect  states  due  to  dangling  bonds  in  amorphous  silicon 
and  grain  boundaries  in  polycrystalline  silicon  can  be 
passivated  by  hydrogen.  This  reduces  the  number  of 
trapping  sites  and  thus  improves  the  opto-electronic 
properties  of  the  film.  In  diamond,  hydrogen  incorpora¬ 
tion  has  been  found  to  correlate  well  with  the  integrated 
intensity  of  the  CH  stretch  mode  in  the  8  10  pm  IR 
region  and  is  thus  detrimental  to  its  use  as  an  IR  window 
material  [3-5].  In  addition,  the  electrical  resistivity  of 
diamond  has  been  shown  to  be  closely  connected  to  the 
amount  of  hydrogen  incorporated  in  the  film.  Landstrass 
and  Ravi  [6]  have  shown  that  on  moderate  annealing 
the  resistivity  increases  by  a  few  orders  of  magnitude. 
However,  this  change  is  reversible  since  the  original 
values  of  the  electrical  resistivity  can  be  recovered  when 

•Author  to  whom  correspondence  should  be  addressed. 


the  sample  is  hydrogenated  in  a  hydrogen  plasma  for  a 
few  hours  at  elevated  temperatures.  Consequently,  the 
nature  of  the  electrically  active  sites  and  the  role  of 
hydrogen  in  passivating  these  sites  remain  interesting 
problems. 

Earlier  studies  in  thi-j  laboratory  on  large  bulk  (greater 
than  i  carat)  single-crystal  natural  and  synthetic  dia¬ 
mond  have  failed  to  detect  measurable  quantities  of 
hydrogen  due  to  either  an  absence  of  bulk  hydrogen  or 
long  rela.xation  times  [5].  Contrary  to  expectations,  the 
T,  values  for  hydrogen  in  chemical-vapor-deposited 
(CVD)  diamond  are  short.  It  is  well  known,  for  example, 
that  in  the  absence  of  paramagnetic  centers,  typical 
values  of  Ti  are  very  long  [7-10].  However,  electron 
spin  resonance  (ESR)  measurements  on  both  hot  filament 
films  [8]  and  microwave  plasma  CVD  films  [11]  have 
shown  that  the  spin  density  is  typically  about  10'**  cm"  ’ 
and  due  to  dangling  bonds  from  unsaturated  carbon 
bonds.  This  is  a  rather  high  spin  count  and.  consequently, 
the  relaxation  mechanism  \ia  the  paramagnetic  centers 
is  expected  to  play  an  important  role.  Initial  proton 
nuclear  magnetic  resonance  (‘H  NMR)  work  on  dia¬ 
mond  films  has  shown  that  most  of  the  hydrogen  in 
CVD  films  is  highly  segregated  and  resides  in  regions  of 
high  density.  These  regions  are  thought  to  be  surfaces 
of  grain  boundaries  or  crystallites.  The  NMR  spectrum 
typically  consists  of  a  narrow  lorentzian  and  a  broad 
gaussian  component.  The  lorentzian  line  is  attributed  ' 
motional  narrowing  of  rotating  methyl  groups  wl  ;ch 
arc  in  close  spatial  proximity  to  the  hydrogen  whiw.i 
gives  rise  to  the  broad  gaussian  component  [3  5].  The 
'H  spin -lattice  rela.xation  rates  are  generally  less  than 
I  s  and  appear  in  some  cases  to  be  temperature  indepen- 
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dent,  suggesting  that  paramagnetic  species  are  the  domi¬ 
nant  spin-  lattice  relaxation  centers. 


2.  Experimental  details 

The  polycrystalline  CVD  diamond  film  HF-I  was 
deposited  in  a  hot  filament  reactor.  Sample  AJ-I  was 
prepared  by  d.c.  arc-jet.  The  thickness  of  both  of  these 
films  was  greater  than  100  pm.  Electron  microscopy 
revealed  that  while  HF-I  was  multifaceted,  AJ-1  showed 
a  ball-like  surface  morphology.  The  samples  were  of 
reasonable  quality  as  their  Raman  spectra  exhibited  a 
strong  peak  at  1332cm"‘  with  little  or  no  graphitic 
component. 

The  NMR  experiments  were  performed  on  a  home- 
built  spectrometer  operating  at  a  ‘H  frequency  of 
270  MHz.  The  probe  was  designed  such  that  very  low 
levels  of  hydrogen  (approximately  5  x  10'*)  could  be 
detected.  During  the  acquisition  of  the  NMR  spectra, 
the  NMR  probe  was  continuously  purged  with  nitrogen 
to  eliminate  any  signal  due  to  ambient  moisture.  Both 
the  NMR  line  shapes  and  spin-lattice  relaxation  (T,) 
were  measured  at  room  temperature  for  the  as-deposited 
films  and  again  after  each  annealing  step. 

Since  the  total  area  under  the  NMR  absorption 
spectrum  is  proportional  to  the  number  of  spins,  the 
hydrogen  content  in  the  diamond  films  can  be  obtained 
by  comparison  with  a  reference  standard.  Care  must  be 
taken  to  allow  for  full  spin-lattice  relaxation  of  both 
components  before  such  comparisons  are  made. 

The  spin-lattice  relaxation  time  constant  T,  was 
measured  using  the  saturation  recovery  technique  [12]. 
In  this  method,  a  (90^-f-90  )„  pulse  sequence  is  applied 
and  the  intensity  of  the  NMR  signal  is  measured  for 
various  values  of  the  recycle  delay  time  r.  The  magnetic 
relaxation  was  found  to  deviate  from  a  pure  exponential 
and  was  thus  fitted  to  the  empirical  form  given  by 

M  =  Mo[l  -  exp(-f/T,)"]  (1) 

where  A/q  is  the  equilibrium  magnetization  and  n  is  a 
constant  constrained  to  values  between  0.5  and  1.0.  Since 
paramagnetic  centers  produce  significant  time  varying 
magnetic  fields  at  nearby  ‘  H,  they  are  efficient  relaxation 
centers.  Thus  spin-lattice  relaxation  can  occur  by  direct 
interaction  with  a  paramagnetic  center.  The  rate  of  this 
process  decreases  as  the  separation  between  the  ‘  H  and 
the  center  increases.  In  addition.  ‘H  far  from  the  center 
can  also  relax  indirectly  by  communicating  with  ‘H 
close  to  the  center  via  spin  diffusion.  The  value  of  n  in 
eqn.  ( 1 )  determines  the  relative  rates  of  direct  relaxation 
and  of  spin  diffusion.  In  the  case  where  spin  diffusion  is 
rapid,  n=l  indicating  a  standard  exponential  Bloch 
decay.  When  direct  relaxation  to  the  paramagnetic  center 
dominates,  the  limiting  value  of  n  is  0.5  [7-9].  Thus  the 


value  of  n  is  indicative  of  '  distribution  of  both 
paramagnetic  centers  and  the  ‘  H  nuclei. 

For  each  value  of  the  recycle  delay  time  r,  the  NMR 
spectrum  was  fitted  to  a  narrow  lorentzian  and  a  broad 
gaussian  line.  If  the  spin-lattice  relaxation  time  for  each 
component  is  the  same,  then  the  line  shape  of  the 
spectrum  will  be  independent  of  t.  However,  if  they  are 
different  the  line  shape  will  be  a  function  of  r. 

3.  Results  and  discussion 

3.J.  Unannealed  samples 

A  common  feature  in  the  ‘H  NMR  spectra  for  all 
unannealed  and  annealed  samples  is  the  presence  of  a 
narrow  lorentzian  and  a  broad  gaussian  line.  The  line- 
widths  at  half-width  at  half-maximum  (HWHM)  for 
both  arc-jet  and  hot-filament  deposited  samples  are 
typically  4  +  1  kHz  and  29  +  2  kHz  respectively.  These 
values  can  be  compared  with  those  quoted  by 
McNamara  et  al.  [3].  They  obtained  linewidths  ranging 
from  1.8  to  3.3  kHz  for  the  narrow  line  and  25  to  33  kHz 
for  the  broad  line.  The  NMR  line  shapes  of  AJ-1  and 
HF-1  are  shown  in  Fig.  1. 

The  total  hydrogen  content  [H^].  the  spin-lattice 
relaxation  time  constants  of  the  broad  gaussian  compo¬ 
nent  (T,g),  the  total  signal  (T,t)  and  the  corresponding 
exponential  parameter  n  (see  eqn.  (1))  for  the  as-deposited 
and  annealed  samples  are  summarized  in  Table  1.  Both 
samples  contain  less  than  0.5  at.%  of  hydrogen  with 
relatively  short  T,. 

The  percentage  of  total  hydrogen  which  contributes 
to  the  narrow  lorentzian  line  [Jft]  varies  in  the  range 
40%-50%  in  both  samples.  In  HF-1  this  ratio  is  a 
strong  function  of  t,  the  recycle  delay  time  in  the 
saturation  recovery  experiment  (Fig.  1(b)).  In  fact,  [Xl] 
varies  from  16%  at  f  =  20  ms  to  a  maximum  of  approxi¬ 
mately  47%  at  f  =  2  s.  Interestingly,  the  narrow  compo¬ 
nent  of  AJ-1  does  not  exhibit  a  similar  dependence  on  r. 
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Fig.  1.  Typical  'H  NMR  spectra  of  unannealed  samples  AJ-1  (a)  and 
HF-1  (b).  For  HF-1,  [.Yl]  depends  strongly  on  the  recycle  delay  time  i. 
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TABLE  1.  Summary  of  NMR  results  on  as-deposited  and  annealed 
samples.  The  uncertainties  in  n  and  T,  are  estimated  to  be  less  than 
5“/o  and  15%  respectively 


Sample 

Annealing 
lemperature  (  C) 

[H,J 

(at.%) 

II 

(gaussian) 

T,  (ms) 

T.c 

T,r 

AJ-1 

As-deposiled 

0.4 

0.55 

6.5 

497 

0.5 

0.62 

11.1 

6.S0 

0.45 

0.70 

215 

8.S0 

Trace 

— 

— 

— 

HF-l 

As-deposited 

0.2 

0.50 

.50 

210 

7.50 

0.2 

0.55 

106 

118 

This  systematic  increase  in  the  ratio  of  hydrogen 
giving  rise  to  the  lorentzian  component  reflects  a  longer 
relaxation  time  than  its  gaussian  counterpart.  Although 
not  listed  in  Table  1,  the  spin-lattice  relaxation  time  for 
the  lorentzian  component  (Tn)  was  calculated  to  be 
appro.ximately  0.9  s  (with  )i  =  0.65)  in  HF-l  and  is  thus 
much  longer  than  the  corresponding  Tiq. 

As  mentioned  earlier  in  this  paper,  although  the  total 
hydrogen  content  in  the  diamond  films  is  low.  it  exists 
in  regions  of  high  density  [2].  Consequently,  magnetic 
relaxation  by  spin  diffusion  is  also  expected  to  play  an 
important  role.  It  is  evident  from  the  values  of  it  (see 
Table  1)  that  the  magnetization  recovers  as  exp(  —  f, T,)" 
where  ii<l.  This  deviation  from  a  pure  exponential 
suggests  that  spin  diffusion  is  not  fast  enough  to  equili¬ 
brate  the  magnetization  in  the  entire  system.  Since  the 
values  of  n  lie  between  0.5  and  0.75,  it  is  an  indication 
that  relaxation  via  paramagnetic  centers  plays  an  impor¬ 
tant  part.  This  is  not  surprising  considering  the  typical 
spin  densities  expected  in  these  samples  [8,  11].  In 
addition  to  spin  diffusion  (which  is  due  to  homonuclear 
dipolar  coupling)  and  nuclear  coupling  with  paramag¬ 
netic  centers,  another  source  of  relaxation  centers  is  the 
rotating  methyl  groups.  Since  these  constitute  a  substan¬ 
tial  percentage  of  the  total  signal,  they  also  play  a  major 
role.  Since  the  rotation  of  the  methyl  groups  can  be 
slowed  by  lowering  the  temperature,  a  temperature- 
dependent  r,  study  should  be  able  to  differentiate 
between  the  two  types  of  relaxation  centers. 

J.2.  Effects  of  annealing 

The  total  hydrogen  content  [Hj],  the  spin-lattice 
relaxation  time  Tj,  the  parameter  n  and  the  NMR  line 
shapes  after  each  2  h  nitrogen  anneal  are  summarized  in 
Table  I.  The  largest  change  occurs  in  sample  AJ-1  after 
an  anneal  at  850  C.  Subsequent  NMR  on  this  sample 
reveals  that  most  of  the  hydrogen  is  evolved,  since  little 
or  no  signal  can  be  observed  even  at  a  relatively  long 
recycle  delay  time  of  1  s.  Visually,  the  sample  also  turns 
black  indicating  some  graphitization.  Interestingly,  there 
is  little  or  no  evolution  of  hydrogen  from  any  of  the 


samples  on  annealing  at  temperatures  up  to  750  "C. 
However,  the  NMR  line  shapes  show  marked  changes 
from  that  of  the  as-deposited  samples  even  at  moderate 
anneal  temperatures  of  497  C.  indicating  rearrangement 
of  hydrogen  within  the  system.  Figure  2  shows  the  effect 
of  annealing  on  the  NMR  line  shapes. 

Comparing  the  line  shapes  in  Fig.  2  with  that  for  the 
as-deposited  samples  (Fig.  1)  shows  that  a  clear  effect  of 
annealing  is  the  reduction  of  the  narrow  line.  This 
component,  which  comprises  approximately  50%  of  the 
total  signal  in  both  AJ-1  and  HF-l.  decreases  in  strength 
to  approximately  6%-10%  after  annealing  at  650  X 
and  750  C  respectively.  Annealing  also  has  a  large  effect 
on  T,.  In  order  to  understand  the  relaxation  mechanism 
of  hydrogen  in  diamond,  only  Tig  'ts  corresponding 
value  of  n  are  considered  in  the  following  analysis. 

In  both  AJ-1  and  HF-l,  7,0  and  n  increase  after  each 
annealing  step.  The  correlation  between  n  and  the  spin- 
lattice  relaxation  time  of  the  gaussian  component  is 
demonstrated  in  Fig.  3.  An  increase  in  n  suggests  that 
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Fig.  2.  Effect  of  a  2  h  anneal  on  the  NMR  line  shapes  of  samples 
AJ-1  (a)  at  650  C  and  HF-l  at  750  C  (b)  (note  the  decrease  in 
the  intensity  of  the  narrow  component). 
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Fig.  3.  The  dependence  of  Tm  on  n. 
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rclaxaCion  by  spin  diffusion  becomes  increasingly  impor- 
lant.  This  speculation  is  further  supported  by  the  corre¬ 
sponding  rise  in  T^c,  which  suggests  that  the  number  of 
relaxation  centers  (paramagnetic  centers  and  or  rotating 
CH.,  groups)  decreases  with  annealing.  Thus,  on 
annealing,  hydrogen  from  the  methyl  groups  may 
become  available  to  passivate  unsaturated  carbon  bonds 
resulting  in  fewer  paramagnetic  centers  and  longer  T^^-. 
The  preferential  breaking  of  CHj  is  not  surprising. 
Thermal  desorption  experiments  on  hydrogenated  amor¬ 
phous  silicon,  for  example,  clearly  indicate  that  SiH» 
bonds  are  broken  at  a  much  lower  temperature  than 
SiH  bonds  [!.’].  In  addition,  the  products  formed  during 
the  loss  of  hydrogen  from  the  rotating  methyl  groups 
will  be  static.  Consequently,  the  hydrogen  that  originally 
gave  rise  to  the  narrow  NMR  line  shape  now  contributes 
to  the  broad  component.  This  redistribution  of  hydrogen 
preserves  the  total  signal  intensity.  Thus  while  both  7,^, 
and  n  increase.  [Hr]  remains  unchanged. 

Previous  work  has  suggested  that  the  hydrogen  in 
these  films  is  highly  segregated  and  resides  on  two- 
dimensional  surfaces  such  as  grain  boundaries  [.’-5]. 
Since  grain  boundaries  are  areas  of  high  defect  density, 
they  contain  a  large  number  of  carbon  dangling  bonds 
which  are  easily  saturated  by  mobile  H  atoms  (from 
broken  methyl  groups). 

These  observations  are  consistent  with  the  trends 
observed  in  HF-1.  which  also  shows  a  similar  connection 
between  n  and  Tkj.  A  comparison  between  the  as- 
deposited  and  750  C  annealed  sample  shows  that  while 
[Ht]  remains  constant,  both  7^;  and  n  increase  on 
annealing.  The  value  of  [Xl]  decreases  from  about  47®o 
to  about  8%  and  is  independent  of  r. 

4.  Conclusions 

We  have  shown  that  moderate  annealing  below  the 
deposition  temperature  leads  to  the  rearrangement  of 
hydrogen  atoms  which  are  present  in  synthetic  CVD 
diamonds.  The  relaxation  of  magnetization  varies  from 


the  standard  exponential  Bloch  decay.  On  annealing, 
the  intensity  of  the  narrow  component  decreases.  This 
decrea.se  is  accompanied  by  a  corresponding  increase  in 
both  n  and  Since  grain  boundaries  are  regions  of 
high  defect  density,  and  most  of  the  hydrogen  is  likely 
to  reside  in  this  region,  it  is  thought  that  hydrogen  from 
the  broken  methyl  groups  becomes  available  to  pa.ssivate 
the  carbon  dangling  bonds.  This  redistribution  of 
hydrogen  is  obserxed  even  at  moderate  annealing 
temperatures. 
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In  this  work,  solid-state  ‘’F  NMR  has  been  used  to  chaiacnerize  fluorine  on  diamond  powder  surfaces  after 
CF4  and  98%  CFa/2%  O2  radio-frequency  plasma  treatment.  The  fluorine  surface  coverage  of  the  pure  CF4 
treated  powder  was  7.1  X  10'*  F/an?  while  the  other  plasma  yielded  a  much  lower  coverage,  7.4  X  10'^  F/cm^. 
In  both  cases,  only  CF,  (x  1-3)  functionalities  were  observed  with  the  majority  species  being  carbon 
monofluoride.  OnlyS-10%ofthefluorinewasb(»dedasCF3.  With  high-speed  magic-ang^e  spinning,  isotrojHC 
chemical  shifts  were  resolved  and  assigned  relative  to  CFCI3  as  follows:  CF,  148  ±  1  ppm;  CF2, 106  ±  2  and 
123  ppm;  CF3,  78  ±  1  ppm.  The  peak  at  123  ppm  was  only  observed  in  the  CF4/O2  plasma-treated  sample 
and  is  speculated  to  be  the  result  of  atomic  fluorine  etching  of  diamond.  In  this  sample,  the  loss  of  specti^ 
intensity  at  lower  chemical  shifts  with  storage  time  indicates  the  loss  or  rearrangement  of  CF2  and  CF3.  NMR 
line  shape  broadening  and  variation  in  spin-lattice  relaxation  with  decreasing  temperature  indicate  the  CF^ 
groups  possess  some  degree  of  motion  in  addition  to  the  rotation  of  CFs  groups  about  the  C%  axis.  This  suggests 
amorphous  fluorocarbon  deposition,  since  CF  and  CF2  on  crystalline  diamond  surfaces  are  expected  to  be 
essentially  static.  Multiple-quantum  NMR  indicates  that  fluorine  coverage  is  not  uniform.  Some  fluorine  is 
relatively  dispersed  on  the  o^er  of  ~S  A  while  the  remaining  fluorine  occurs  in  aggregates  of  greater  than 
40  nuclei.  This  is  consistent  with  preferential  deposition  or  reaction  occurring  at  and  around  surface  defects. 
Finally,  these  results  may  serve  as  a  basis  for  reference  in  studying  fluorine  by  NMR  in  fluorinated  chemical 
vapor  deposition  diamond  materials  provided  a  sufficient  amount  of  material  is  deposited. 


iBtrodactkMi 

Synthetic  diamond  films  have  tyincally  been  grown  from  an 
activated  gas  phase  of  dilute  hydrocarbons,  such  as  methane  or 
acetylene,  in  hydrogen  by  a  chemical  vapor  deposition  (CVD) 
type  process.''^  Diamond  has  also  been  formed  from  reactant 
mixtures  which  include  carbon,  hydrogen,  and  fluorine.^'*  Re¬ 
cently,  diamond  films  were  grown  on  various  non-diamond 
substrates  at  temperatures  as  low  as  2S0  ”C  from  a  heated  gas 
phase  containing  some  fluorine.’  This  last  work  demonstrates 
the  potentialfor  fluorine-assisted  diamond  depontion  on  substrates 
of  r^tively  low  thermal  stability,  such  as  polymeric  materials 
and  electronic  devices. 

In  addition,  fluorine-treated  iliamond  surfaces  are  of  techno¬ 
logical  importance.  Fluorinationofdiamondsurfacescaneiihance 
the  chemical  inertness  and  can  potentially  lower  the  coefflcient 
of  friction  relative  to  unfluorinated  diamond.*  Recent  studies 
have  examined  the  oxidative  resistance  (rf'  fluorinated  iliamond 
materials.^-*  Abo,  the  electrical  characteristics  of  a  Schottky 
diode  made  from  diamond  have  been  altered  by  different  plasma 
surface  fluorination  treatments.*  The  surface  leakage  current  of 
the  diode  was  decreased  by  a  factor  of  10  in  going  from  diamond 
treated  by  a  pure  CF4  plasma  to  one  treated  by  a  98%  CFt/2% 
O2  plasma.  Thus,  the  state  of  fluorine  on  (Uamond  surfaces 
influences  the  surface  properties,  impacting  technological  ap- 
fdications. 

A  variety  of  theoretical  and  experimental  studies  have  been 
conducted  to  understand  the  chemical  state  of  flumine  in  rUamond 
materials.  Thermodynamic  calculations  focused  on  the  growth 

diamond  from  a  fluorinated  diamond(lll)  surface  inrlicate 
the  necessity  of  atmnic  hydrogen  in  the  reactant  mixture  to  sustain 
crystal  growth."*  In  an^er  theoretical  study,  the  passivation  of 
a  diamond(lOO)  surface  by  fluorine  was  done  to  examine  ways 
in  which  surface  carb4}n  atmns  could  maintain  sp’  hybridization. ' ' 


*  To  whom  c4)iTetpaii4kaoe  thonld  be  i<klrette4l. 

*  AbftrMt  poblished  in  Adoanct  ACS  Abstracts,  Angnst  IS,  1993. 
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X-ray  pbotoelectron  spectroscopy  (XPS)  has  been  very  useful 
for  experimental  characterization  of  flu(»inated  diamond  surface 
states.  The  carbon  Is  XPS  peak  displays  large  energy  shifts  on 
the  order  of  1-3  eV  as  a  function  of  the  number  of  fluorines 
bmided  to  the  carbon.'^  XPS  was  used  to  identify  a  C-F 
terminated  diamond  surface  grown  from  a  CF4/H2  plasma.’  XPS 
has  also  been  used  in  studies  to  evaluate  a  diamond  surface  after 
a  variety  of  flumination  treatments  designed  to  modify  the  surface 
properties  of  the  diamond.”-'’  For  example,  atomic  fluorine 
was  found  to  react  with  the  diamond(lOO)  surface  to  yield  a  C-F 
terminated  surface  while  molecular  fluorine  only  reacts  very 
slowly.*’ 

In  other  research  utilizing  other  analytical  spectroscopies, 
secondary  km  mass  spectrometry  (SIMS)  has  been  used  to 
quantify  the  average  bulk  concentration  of  fluorine  in  synthetic 
diamond.  For  example,  SIMS  uulicates  increasing  fluorine 
content  in  diamond  films  made  with  higher  CF4  concentrations 
in  the  gas-phase  plasma.*  Surface-sensitive  infrared  (IR) 
spectroscopy,  speciflcally  dirfuse  reflectance,  was  used  to  monitor 
the  formation  of  fluorine  functionalities  on  the  surface  of  diamond 
powders  as  a  function  of  plasma  fluorination  treatments.* 

The  objective  of  this  work  is  to  demonstrate  the  variety  of 
information  regarding  fluorine  in  diamond  materials  which  is 
available  from  solid-state  '*F  NMR  experiments.  Due  to  the 
relatively  low  sensitivity  of  NMR,  a  significant  samfde  size  is 
required.  We  have  initially  chosen  to  study  fluorine  coverage  cm 
diamond  powder  surfaces  treated  in  pure  CF4  and  98%  CF4/2% 
O2  radio-frequency  fdasmas,  where  the  powder  has  a  high  surface 
area  to  volume  ratio.  The  chemical  state  and  environment  of 
fluorine  can  be  evaluated  by  NMR  experiments  analogous  to 
studies  of  hydrogen  in  diamond  materials  by  solid-state  'H  NMR 
spectroscopy.  In  addition,  '*F  NMR  is  sensitive  to  fluorine  in 
both  the  bulk  and  surface  of  a  material.  Thus,  NMR  could 
potentially  be  used  to  study  fluorine  at  the  crystalline  grain 
boundaries  of  CVD  diamond  films.  This  information  is  most 
likely  unobtainable  by  XPS  and  SIMS.  The  only  stipulation,  of 
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TABLEl:  Tygtcal  CVaical  Shift  Ajdsotroyy  for  CF,  TABLEa*  Bndio-Fregfcy  Pbai  (13^  MHa) 

Grenya  Bo— d  to  Carfcon  Treat— ut  CendMe— 


CFz  group 

00*  (ppm) 

pattern  shape 

diamond  1  (Dl) 

diamond  2  (D2) 

CF 

CF:  (motionally  averaged) 

CF:  (static) 

CF:  (rotation  about  C:  axis) 
CF:  (static) 

100* 

SO-lOOe' 

120-140*' 

75* 

150* 

axial 

axial 

asymmetric 

axial 

asymmetric 

plasma  composition 
pressure  (Tmt) 
treatment  time  (min) 
rf  power  (W) 

100%  CF4 

1 

10 

200 

98%CF4/2%f): 

1 

10 

200 

*  >  leii  -  ']3|<  where  en  and  en  are  the  smallest  and  largest  of  the 

three  principal  compoogitsaf  thee  tensor.  *  Estimated  from  fluoriniteil 
grapUte.  ‘  Dybowski,  C.  In  5ofid  5Mie  AUfJt  </A>fyifwri;  Mathias,  L., 
Ed.;  Plenum  Press:  New  York,  1991;  Chapter  1.  ^  Vega,  A.  J.;EngUsh, 
A.  D.  MaeromoUeula  19M,  13, 163S.  *  Mehring.  M.;  Griffin,  R.  G.; 
Waugh,  J.  S.  J.  Chem.  Phys.  1971,  55  (2),  746. 

course,  is  that  a  signiHcant  amount  of  fluorine  must  exist  in  any 
particular  environment  for  an  NMR  study  to  be  useful. 

Essentially,  the  same  kinds  of  experiments  which  can  be 
performed  in  solid-state  proton  NMR  can  be  done  in  fluorine 
Fluorine  exists  in  nature  as  a  100%  abundant,  spin 
Vt  nucleus,  '’F,  having  a  magnetogyric  ratio  y  =  4.00S  kHz/G 
and,hence,highsensitivity,83%relativeto*H.'^  However. unlike 
‘H,  changes  in  the  short-range  bonding  environment,  order  one 
bond,  can  induce  large  >*F  isotropic  chemical  shifts.  Fluorine 
displays  a  total  chemical  shift  range  on  the  order  of  several  hundred 
parts/million  (ppm),  while  for  'H  this  range  is  ~10  ppm.  We 
expect  the  main  species  in  plasma  fluorination  of  diamond  powder 
to  be  CFx  (x  =  1-3)  species  where  the  carbon  is  bound  to  other 
carbon.  As  x  increases,  the  fluorine  electronic  shielding  is 
decreased,  causing  a  decrease  in  the  isotropic  chemical  shift. 
Typically,  CF  and  CF3  isotroinc  shifts  differ  by  approximately 
70  ppm. 

Fluorine  nuclei  also  typically  display  a  large  anisotropic 
component  to  the  chemi^  shift.  In  the  absence  of  isotropic 
reorientation,  powders  containing  CF,  will  show  a  chemical  shift 
anisotropy  (CSA)  powder  pattern  based  on  the  orientation 
dependence  of  fluorine’s  electronic  shielding  tensor,  e,  with  the 
imposed  magnetic  field.  Bo-  In  Table  I,  the  tyincai  width  and 
shape  of  the  CSA  powder  patterns  are  characterized  for  CF, 
groups.  Within  a  certain  band  of  motional  narrowing,  CFj  and 
CF3  groups  show  axial  patterns.  As  motions  are  reduced  or  frozen 
with  the  lowering  of  temperature,  CF2  and  CF3  patterns  change 
shape  and  the  CSA  width  increases.  For  a  sample  containing  a 
single  type  of  CFz  group,  the  CSA  pattern  behavior  may  be  enough 
to  characterize  that  group.  However,  when  a  variety  of  CF, 
groups  are  present,  the  superposition  of  CSA  powder  patterns 
will  obscure  their  identification,  since  the  width  of  the  powder 
patterns  is  greater  than  differences  in  isotropic  chemical  shift 
between  CF^  groups.  We  anticipate  that  fluorinated  diamond 
surfaces  may  contain  a  combination  of  CF,  species,  where  CF 
and  CF:  groups  are  essentially  static  at  room  temperature  while 
CF3  rotates  about  the  C3  axis  displaying  an  axial  CSA  pattern. 
If  fluorinated  carbon  dqmsits  on  the  surface,  we  might  expea 
additional  modes  of  motion  for  the  CFx  species  as  observed  in 
Teflon  and  other  flu<»inated  polymers.  As  the  temperature  is 
lowered,  these  motions  will  freeze  out,  resulting  in  an  inacase 
in  the  CSA  line  broadening.  Also,  >’F->*F  dipole  broadening 
will  be  increased  since  the  dipole  coupling  will  not  be  motionally 
averaged. 

While  the  static  fluorine  spectra  can  be  quite  convduted,  the 
total  fluorine  content  of  the  sample  can  easily  be  obtained  from 
the  total  area  of  the  line  shape.  Through  high-speed  magic- 
angle-spinning  experiments,'^  the  CSA  powder  pattern  can  be 
aveng^  and  infiMnnation  on  the  number  of  CF,  components  and 
their  identity  may  be  achieved.  In  addition,  magnetization 
relaxation  experiments'*  can  be  performed  to  gain  information 
on  motional  dynamics  and  fluorine  envinmment. 

The  more  advanced  solid-state  NMR  technique,  multiple- 
quantum  NMR  (MQ-NMR),  has  been  used  to  ascertain  magnetic 


nuclei  segregation.  Sdid-state  MQ-NMR  has  been  used  to 
evaluate  the  state  ofaspin'/2dipole  coupled  network  in  materials 
on  a  maximum  length  scale  of  about  20  A.'*  During  this 
experiment,  S]w '/:  nucld  are  induced  to  participate  in  multii^ 
spin  correlations  through  strong  dipole  coufding  interactions.** 
As  the  experimental  excitation  time  is  incr—sed,  weaker  dipole 
couplings  can  be  utilized  to  form  larger  sfw  correlations  occurring 
over  greater  distances  within  the  matoial.  The  distance  of  20 
A  simply  represents  the  upper  limit  over  which  dipole  couplings 
become  negligible  on  experimental  time  scales  currently  (^tain- 
able. 

If  the  number  of  spin  ‘/2nuclei  in  strong  dipc^  communication 
is  small  (order  SO  or  less),  than  MQ-NMR  can  be  used  to  quantify 
the  number  of  nuclei  in  this  finite  dipole  coupling  ndwork.*' 
Finite  dipole  coupling  networks  have  been  identified  in  hydro¬ 
genated  amorphous  silicon**  and  in  zeolites**  and  on  catalyst 
particles**  with  isolated  organic  adsorbates. 

Alternatively,  ifthe  number  of  spin '/:  nucld  in  strong  dipolar 
communication  is  large  (orda  1000  or  more),  than  multiple  spin 
correlations  uill  grow  without  bound  as  a  function  of  exdtatkn 
time.**  The  rate  of  multiple  S]^  correlation  is  a  function  of  the 
connectivity  of  the  dipole  coupling  nawork.**-**  Spin  networks 
having  larger  numben  of  nearest  ndghbors  to  a  given  nuclear 
site  will  f(um  spin  correlations  at  a  greater  rate  than  those  with 
smaller  numben  of  nearest  ndghbors.  Thus,  on  very  small  length 
scales,  MQ-NMR  can  differentiate  bdween  a  3-dimensional 
network  of  spins,  spedflcally  nuclei  distributed  throughout  the 
bulk  of  a  material,  and  a  2-dimensioaal  network,  such  as  nucld 
terminating  the  surface  of  a  crystal.**  Analogous  results  have 
been  observed  in  “quasi- 1 -dimensional’’  distributions  of  protons 
in  hydroxyapatite.** 

Hence,  through  NMR  experiments,  we  can  detomine  the  total 
fluorine  content  of  the  sample,  identify  the  predominant  fluorine 
groups,  and  monitor  the  motional  dynamics  of  fluorine  groups 
throughvariatiooofthesamidetemperatttre.  In  addition,  through 
MQ-NMR  experiments,  the  segregation  of  fluorine  in  diamond 
can  be  studied  by  protnng  the  connectivity  of  the  fluorine  dipole- 
cmipling  network. 

ExpcriBMatal  Sccti— 

Natural  diamond  powder  (99.9%)  was  obtained  from  Johns(Hi 
Matthey/Aesar  with  a  size  classification  of  <1  tan,  indicating 
that  the  powder  had  been  passed  through  a  l-um-mesh  sieve. 
Significant  area  available  for  plasma  treatment  is  required  to 
provide  suffident  signal  to  noise  in  NMR  oqmments.  Two 
fluorocarbon  plasma  mixtures  were  used  to  treat  the  diamond 
powder.  The  powder  was  contained  in  a  bottle  roughly  1  cm  in 
diameter,  and  the  particle  bed  was  approximately  l.S  cm  deep. 
Plasma  processing  conditions  are  summarized  in  Table  II.  Prior 
to  treatment,  the  available  surface  area  was  determined  by  the 
Brunauer-Emmett-Teller  (BET)  method**  by  Micromeritics 
Instrument  Corp.  of  Norcross,  GA.  Other  characterization  was 
done  using  SEM  to  examine  particle  size  and  shape  and  XPS. 

All  static  and  MQ-NMR  experiments  were  carried  out  on  a 
home-built  spectr(mieter  operating  at  an  '*F  Larmor  frequency 
of  280.8  MHz.  The  sample  probe  was  also  home-built  with  a 
static  coil  roughly  7  mm  in  (liameter  by  25  mm  in  length  and 
variable  l<m-temperature  capability.  Controlled  temperatures 
as  low  as  80  K  have  been  obtai^  usingcocM  N:  and  a  Lakeshore 
DRC-91C  temperature  controller.  The  ir/2  pulse  time  for  all 
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experiments  was  set  to  approximately  1 .6  with  a  ty]Hcal  probe 
ritifdown  of  6  althouth  the  ringdown  is  somewhat  temperature 
dependoit.  llw  total  fluorine  content  of  diamond  samples  was 
obtained  by  comparison  of  the  total  signal  area  to  a  calibrati<» 
carve  which  was  genoated  using  poly(tetrafluoroethylene) 
(Aldrich)  samples  of  known  mass.  Sample  mass  for  NMR 
analysis  was  tm  the  order  of  1  g.  The  limit  of  detection,  which 
is  set  by  signal  to  noise  cmisiderations,  is  on  the  order  of  10‘^ 
F/sam^  on  the  home-built  static  probe  and  spectrometer.  The 
longitudinal  relaxation  behavior  (TO  was  observed  with  the 
inversitm  recovery  expmment.^  Spn-echo  experiments^  to 
evaluate  the  homonuclear  ‘*F  dipole  coupling  strength  were  done 
with  an  echo  delay  of  roughly  12  «is  and  CYCLOPS  detection^' 
to  attenuate  zero  noise.  Unless  otherwise  indicated,  all  data  were 
collected  on  sam|des  at  least  2  months  after  sample  treatment. 

The  spectrometer  is  equipped  with  a  digitaily-contrtdled, 
variable-phase  synthesizer  to  perform  solid-state  MQ-NMR 
experiments.  Theeightr/2pulM,evenmultiple'quantum(MQ) 
order  selective  sequence  em^oyed  for  this  experiment  has  bem 
described  in  previous  studies.^'*^  The  incremental  spin  |»vpa- 
ration  cycle  time,  Tc  was  set  at  31 .2  /is  to  compensate  for  ofT- 
resmianoe  effects  as  much  as  possible.  Phase  cyd^  was  typically 
dime  with  32  phase  shifts,  allowing  detectimi  of  up  to  :fcl6  MQ 
cdierence orders.  TheeffectivenumberofspinscoiTelated,iV(r), 
where  r  is  the  total  prq>aration  time,  was  obtained  from  a  Gaussian 
fit  to  the  nonzero  MQ  coherence  intensities  a«.«imiiig  a  statistical 
analysis.^*  To  allow  for  more  extensive  signal  averaging,  data  at 
the  longest  excitation  time,  r  *  218.4  /is,  were  cdlected  using 
only  the  first  32  phaseshifts  of  a  64  shift  phase  cyding  experiment. 
The  data  were  symmetrized  and  N(t)  was  equated.  Similar 
analyus  on  data  taken  at  shorter  r  in^cates  little  influence  on 
the  value  of  the  number  of  correlated  spins.  MQ-NMR 
experiments  were  perfwmed  at  T  =  ISO  K  to  imi»ove  signal- 
to-noise  considerations  as  well  as  to  minimize  the  effects  of 
molecular  motion  on  the  spectra. 

High-speed  magic-angle-spmning  (MAS)'^  spectra  were  ob¬ 
tained  on  a  Bruker  AMX-400,  with  a  fluorine  ftdd  strength  of 
376.S  MHz,  by  Dr.  Doug  Bunun  of  Bruker  Instruments.  The 
sample  probe  was  operated  with  a  tr/2  pulse  time  of  3.S  /is  at  a 
rotor  spinning  speed  of  IS  kHz.  It  was  also  necessary  to  subtract 
a  probe  background  signal  to  obtain  reastmaUe  sam^de  spectra. 

Results  and  Ditcamtan 

SHrCMeCoaocniiatioaof'’F.  Significantsurfaoeareaavailable 
fee  plasma  treatment  is  required  to  provide  suffidmit  signal  to 
ncise  for  NMR  experiments.  Assuming  a  diamond  powder  of 
monodispme  1 -/im  cubes,  this  powder  would  have  a  si^ace  area 
per  mass  of  1.S  X  10*  emVg-  The  BET  measurement  of  the 
surface  area  using  krypton  yields  a  value  of  9.8  X  10*  cmVg- 
SEM  analysis  of  the  powder  indicates  irregularly-shaped  particles 
on  the  order  of  a  micron  or  snuller,  which  is  consistent  with  a 
BET  surface  area  measurement  higher  than  the  calculated  value. 

XPS  analysis  was  done  on  diamond  powders  before  and  after 
plasma  treatment  Since  the  particle  surfaces  are  at  random 
orientations  to  the  X-ray  beam,  it  is  not  possible  to  orient  the 
sample  such  that  the  surface  sensitivity  is  maximized.  Conse¬ 
quently,  while  we  could  detect  the  pnsenoe  of  fluorine  in  plasma- 
treated  powders  from  the  appearance  of  the  F  Is  signal, 
identification  of  fluorine  species  through  shifts  in  the  C  Is  peak 
was  not  possible. 

The  room  temperature  ’’F  free  induction  decay  (FID)  NMR 
spectra  for  samples  D1  (100%  CF4  jdasma)  and  D2  (98%  CF4/ 
2%  O2  plasma)  are  shown  in  Figure  1.  The  range  of  shifts 
disidayed  is  consistent  with  CF,  groups.  Both  samples  show 
spectral  features  centered  at  65  ppm  a^  in  the  range  140-150 
ppnt.  The  complexity  of  the  spectrum  of  samideDl  in  the  range 
140-150  ppm  clearly  shows  that  these  line  shapes  cannot  be 
described  by  a  single  fluorine  CSA  powder  pattern  convoluted 
with  dipolar  broadening. 


ppm.  relative  to  CFQ  j 

Figmcl.  Room  temperature  free  induction  decay '*F  NMR  spectra  of 
plasma-treated  diamond  powders,  D1  and  D2.  The  diemical  shift  axis 
in  ppm  is  rdative  to  the  fluorine  of  CFCI3.  The  peak  intensity  has  been 
DMmaJized  to  one. 


TABLE  nL  HUh-Speed  MAS  >*F  Spcctn  of 
Pbsma-Treated  DiaiMad  Powders 


sample 

into 

(ppm) 

fwhh* 

(ppm) 

%of 

total 

signal 

sample 

«in 

(ppm) 

fwhh* 

(ppm) 

%of 

total 

signal 

D1 

79 

6 

5^5 

D2 

78 

5 

10±5 

lOS 

12 

25^5 

107 

14 

15±S 

148 

S2 

70±5 

123 

14 

20^5 

149 

2 

55±5 

*  Full  width  at  half-heighL 


The  fluorine  content  is  obtained  from  the  integrated  NMR 
rignal.  The  total  fluorine  emtent  was  7.0  X  10‘*  F/g  for  sam]de 
D1  and  7.3  x  10'*  F/g  for  samfde  D2.  The  flumine  content  of 
D2  was  determined  from  a  spectrum  taken  within  roughly  a  week 
oftreatment.  Thus,  the  fluorine  content  per  unit  surface  area  is 
equal  to  7.1  X  10»*  F/cm*  for  D1  and  7.4  X  10»*  F/cm*  for  DL 
The  unreconstructed  surface  bond  density  of  diamond  isafuaetkm 
of  the  crysul  face  and  is  equal  to  3.1  X  10>*  bonds/cm*  for  the 
(100)  face,  2.2  X  10'*  bonds/cm*  for  the  (1 10)  face,  and  1.8  X 
10'*  bonds/cm*  for  the  (1 1 1)  face.  Not  all  of  these  bonds  may 
be  available  for  fluorine  chemisorption  due  to  stoic  repulsive 
forces  on  the  (100)**  and  the  (1 10)  faces.  Since  the  C-F  bond 
is  most  likdy  normal  to  the(in)faoe,  little  repulsion  is  antkqnted 
on  this  crystal  face  for  CF  groups;  however,  mme  fluorinated 
carbon  species  like  CF3  may  encounter  steric  repulsion.  The 
result  is  that  the  average  bond  density  availaUe  for  fluorine 
cbooisorptionwiU  be  somewhat  less  than  theaverage  bond  density 
calculated  from  the  unreconstructed  crystal  faces.  With  this 
stipulation  aside,  the  coverage  of  sam|de  D1  is  roughly  half  of 
the  average  bond  density  of  dianumd,  while  the  covmage  of  D2 
is  10  times  less  than  D1  as  a  result  of  2%  O2  addition  to  the 
plasma. 

Chemical  BomHag  Configmations.  If  the  primary  Ixoadening 
mechanisms  of  the  NMR  line  shapes  in  Hgure  1  are  based  on 
nuclear  dipole  coupling  and  CSA  powder  patterns,  then  high¬ 
speed  magic-angle  spinning  should  scale  these  interactions, 
allowingustoresolveindividualisotropicchemicalshifts.  Figure 
2,  a  and  b,  shows  the  high-speed  MAS  spectra  of  samples  D1  and 
D2,  respectively.  The  irr^iular  base  line  in  Figure  2b  is  probably 
the  result  of  background  subtraction.  Table  III  summarizes  the 
number  of  isotropic  shifts,  their  full  width  at  half-height  (fwhh), 
and  an  estimate  of  the  percent  of  the  total  signal  each  componoit 
comprisesfortheMASspectra.  There  is  good  agreement  between 
the  isotropic  chemical  shifts,  and  line  widths  (fwhh)  fm  the 
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ppm,  RELATIVE  TO  CFCIj 

ncml.  Roaaitempenitureliigli-<peed(lSkHz)MAS'*FNMRspectn 
of  pUma-treated  diaoioad  powder  aamplea:  (a)  Dl;  (b)  D2,  after 
subtraction  of  probe  background.  Tbe  intensity  of  tte  spectra  is  in 
arbitrafy  units. 

TABLE  IV:  laodrapic  Oanknl  Shifti  of  Stitcted  Eteoriae 
Syactofcipf _ 

chemical  typical  chemical  typical 

species* _ ea,  range* _ species* _ 

FOCR]  -ISO  to -147  FsCR  SO  to  100 

FC(0)R  -SOto-40  FjCRs  90  to  140 

PC(0)<»  7  to  20  FCR)  130tol80 

*  R  is  carbon  with  sp*  hybridiratioti.  *  Compiled  from:  DungaiLC. 
Van  Wazer,  J.  R.  Compilation  cf  BtporuJ  P*  NMR  CkmUeal 
5*^Wiley-Ittteiscienoe:  New  York,  1970.  Wny,y.Aimu.Rip.NMR 
Speetrotc.;  Academic  Press:  London,  19S0;  Vol.  lOB. 

three  species  observed  in  Dl  and  the  corresponding  values  for 
three  of  the  four  resonances  observed  in  D2.  To  determine  the 
type  of  fluorine  rignals  observed,  we  compare  the  isotrt^  shifts 
of  treated  diamond  to  those  list^  in  TaUe  IV.  The  R  group  of 
these  flumine  spedes  represents  a  bond  to  carbon  in  the  spt> 
hybridized  state.  Tyjncal  chemical  shifts  of  oxygenated  species 
such  as  fluoride  esters,  acyl  fluorides,  and  hypofluorites  fall  far 
below  the  chemical  shifts  observed  in  Dl  and  D2.  Based  tn  the 
ty^ncal  shift  ranges  of  Table  IV,  the  following  assignments  are 
made  for  the  two  dianumd  powders:  CF3, 78  A  1  ppm;  CFj,  106 
±  2  ppmm;  CF,  148  ^  1  ppm.  The  123  ppm  peak  is  also  likely 
to  be  assigned  to  a  CFjbtmding  configuration.  Further  suppmt 
fm  shift  assignments  comes  from  the  fwhh  of  the  peaks.  We 
e:q)ea  that  fluorine  signals  in  similar  environments,  such  as  CFi, 
should  display  similar  line  shape  broadening  under  MAS 
conditions.  Indeed,  the  CF,CF2,  and  CFs  peaks  in  both  samples 
as  assigned  above  teve  fwhh  of  2  ds  1, 13  A  1,  and  6  ±  1  ppm, 
respectively.  Thus,  the  similar  line  widths  (13  ±  1  ppm)  the 
peaks  at  107  and  123  nmt  in  D2suiq)ort  the  123  ppm  assignment 
as  a  CF2  group. 

We  also  observed  a  loss  of  intensity  of  the  feature  at  around 
65  ppm  in  tnoad-line  free  induction  (tecay  (FID)  NMR  spectra 
of  sample  D2  comparing  spectra  takmi  within  days  after  idasma 
treatnmnt  and  2  months  later  (iugnre  3).  These  spectra  have 


in  a  98%  CF4/2%  plasms.  The  Mlid  line  spectrum  was  acquired  a 
few  days  after  treatment,  while  the  spectrum  outlined  by  open  dt^  was 
acquired  2  months  later.  Both  are  normaliaed  at  their  mashnum  intensity. 

been  {dotted  by  normalizing  tbe  mazimnm  intensity  since  the 
later  spectrum  was  not  taken  undm’  calibrated  conditioos. 
However,  the  samjde  was  contained  in  an  epoxy-sealed  glass  tube. 
This  loss  ^intens^  of  the  high-frequeaQr  shoulder  feature  would 
be  consistent  srith  rearrangement  of  sterkally  hindered  CFs  (78 
ppm)  groups;**  however,  it  may  invdve  other  CFz  species  as  w^. 
Unfortunately,  the  first  NMR  data  on  samideDl  were  acquired 
weds  after  plasma  treatment  so  that  aging  effects  could  not  be 
examined  in  this  sample. 

So  far,the  total  fluo^oontent  and  types  ofCFzgroups  present 
have  been  investigated.  TheamonntoffluorineinDlislOtimes 
greater  than  on  D2  and  would  cover  roughly  half  of  the  available 
bemding  sites  if  uniform  coverage  is  assumed.  The  majority  of 
fluorine  in  both  sanqdes  exists  as  CF  gronps,  approximately  70% 
inDland55%inD2.  In  a  previoos  study,  carbon  momdiuorides 
were  the  primary  result  of  CF4  and  5%  CF4/ At  [dasma  treatments 
of  diamond  poirder  as  deteraiined  by  IR  spectroscopy.*  The 
remaining  fluorine  is  {vimarily  in  theCF2State  with  5-10%  bonded 
asCFs.  One  additional  fluorine  ngnal  assigned  to  a  CF2  group 
isfoundinD2(98%CF4/2%02)whichisnotinDl  (100%CF4). 
Note  that  this  peak  at  123  ppm  could  not  be  attributed  to 
oxygenated  fluorocarbon  s|>ecies  (Table  IV).  One  plausible 
explanation  might  be  that  tee  carb<»  bonded  to  fluor^  could 
occupy  twodifferenttypesttfbonding  sites  on  teediamondsnrface. 
Each  type  of  bonding  site  could  result  in  a  different  amount  of 
bond  strain  to  tbe  carbon  in  tee  CF2  unit,  causing  the  diemical 
shift  difference  observed  betweoi  CF2  units. 

Mokcuhr  Motion.  Motion  of  fluorinated  species  <m  the 
dianxmd  powder  surfaces  is  evidenced  in  Hgure  4,  a  and  b,  where 
tbe  FID  spectra  of  Dl  and  D2,  respectively,  are  overhM  as  a 
function  of  tenqterature.  The  bmdeaing  of  these  spectra  with 
decreasing  temperature  suggests  tbe  loss  of  motional  degrees  of 
freedom  of  fluorine-bonded  carbons.  The  increase  in  fwhh  tor 
bote  samfries  in  going  from  298  to  150  K  is  roughly  20  kHz.  No 
further  significant  changes  in  spectra  were  observed  for  either 
sample  uixm  cooling  below  150  K. 

of  tee  contributions  to  line  broadening  is  an  increase  in 
i»F->*F  dipole  ooufding  as  the  motkmally-avaaged  couidings 
become  static.  This  contribution  is  shown  with  spin  echo 
a|>eriments  which  eliminate  broadoiing  interactions  which  are 
linrarly  pro|>ortional  to  tee  z  component  of  sfiin  angular 
momentum,  such  as  tee  chemical  teift  anisotro{>y  (CSA).  The 
broadening  the  remaining  line  sha|)e  depoids  cm  tee  hmno- 
nudear  dipole  coupling,  whidi  is  bilinear  in  z  angular  momentum. 
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Fieqoeocy  (kHz) 

Varizbte-temperttiire free indection deoty  ‘*F NMR  spectra 
of  pfawnS'treatcddiaiii^  powders.  The  abscbu  is  now  in  freiiiieiicy 
units  (kHz)  to  indknte  the  extent  of  broidfiiing  as  a  foncdon  of 
temperatnre.  All  peak  intensities  have  been  normalized  to  one.  (a,tap) 
Dl;  (h,  bottom)  D2. 

TaUe  V  shows  the  temperature  dependenoe  of  the  dipot^ 

field  strength,  the  root  of  the  dipole  ooa{ding  sectmd 

moment.  At  room  temperature,  the  sinn  echo  liiK  shapes  are 
best  described  by  Lorentzians  which  are  diaracteristic  of  a  s]rin 
system  undergoing  motion.'*  For  a  Lorentzian,  can  t^y 
be  defined  over  soow  truncated  range  of  frequency  which  we 
define  as  a»hwhh  such  that  ”  hwhh.'*  As  sanqdes  are 
coded,  the  spectra  behave  in  a  more  Gaussian  fashion  having 
zero  intensity  in  the  high-frequency  wings  of  the  line  shape, 
indicating  that  motion  has  bm  frozen.  From  Van  Vleck’s 
equation,"  the  values  of  for  Dl  and  D2  at  ISO  K  are 
comparable  to  values  calculated  for  static  CFj  and  CFj  ^oups 
which  are  6.9  and  9.8  kHz,  respectively.  However,  the  increase 
in  homonudearfluorinedipoleoouplingcaimot  completely  account 
for  the  anaount  of  broadening  observed  at  low  temperatures  in 
Figure  4. 

Accompanying  increases  in  the  fluoriiwdipt^couplingttrength 
will  also  te  increases  in  the  width  of  the  ^A  po^er  pattern. 
At  273  K,  the  trifluorometbyl  group  of  CFjCOOAg  displays  an 
axial  eSA  pattern  with  an  absolute  shift  range  of  21  Ulz  at  a 
magnetic  field  strength  oS  281  MHz.  At  83  K  after  the  methyl 
rotation  is  frozen,  the  CS  A  pattern  assumes  an  asymmetric  shape 
with  an  absdute  shift  range  of  38  kHz.**  The  static  transition 
occurs  at  roughly  160  K.  Similar  CSA  broadening  has  been 


FlgmeS.  r,  invenioa  recovery  of  temple  Dl  at  298  K.  The  inveisioa 
recovery  delay,  r.  is  at  followt:  (a)  0.001,  (b)  0.03,  (c)  0.1,  (d)  0.4,  and 
(e)  10.0 1. 

TABLEV:  Dipolar  FfcM  Stie^  of  Diamond  Sawpkt  as  a 
Fkmctien  of  TimptratM'f _ 

temp  DlMi'/*  D2A42>/*  temp  Dl  16'^  D2Jir2'^ 

(K)  (kHz)  (kHz)  (K)  (kHz)  (kHz) 

298  S.0*  S.0*  no  8.0 

ISO  6.6  7.1  100  8.0 

*  LotentziaB  truncated  at  a  bandwidth  equal  to  j-bwhhQiwMiwhalf- 
width  at  half-height). 

observed  in  the  CFi  groups  of  Teflon  which  are  free  to  move  by 
chain  motion.**  Given  the  magnitude  of  broadening  which  can 
be  achieved  through  changes  in  the  CSA  patterns  of  flumine 
groups,  it  is  possible  that  a  sigrufkant  pOTtkm  of  the  broadening 
observed  in  Figure  4a,b  can  be  attributed  to  CSA  broadening 
uptm  freezing  of  motion.  This  would  exidain,  in  particular,  the 
bradening  which  occurs  between  0  and  50  kHz  (roughly  ISO- 
330ppm).  At  room  temperature  for  CF,  groups  terminating  an 
ideal  diamond  surface,  we  would  expect  CFi  groups  to  rotate 
about  its  C3  axis  whUeCFz  and  CF  were  essentially  static.  Since 
CF]  groups  represent  only  <10%  of  the  total  signal,  it  is 
unreasonaUe  to  think  that  the  freezing  of  CF]  rotation  alone 
could  be  responsible  for  this  line  shape  broadening.  This  would 
imply  that  some  motional  narrowing  of  CF2  and/or  CF  com- 
parents  is  occurring  and,  therefore,  that  fluorocarbon  deposition 
is  significant  during  plasma  treatmoit 

The  T\  inversion  recovery  behavior  is  displayed  in  Figures  5 
and  6  for  samples  Dl  and  D2,  respectively.  The  agnal  imme¬ 
diately  after  inversiot  is  shown  in  trace  (a)  of  both  figures. 
Intermediate  traces.  Figures  Sb-d  and  6b-e,  represent  the  spectra 
after  various  delays  are  allowed  following  si^ial  invasion.  At 
long  delays,  Hgures  Sc  and  6f,  the  equilibrium  q>ectTa  are 
observed.  relaxation  in  both  cases  is  inhonogeneous,  which 

is  to  say  that  different  componoits  of  the  line  shape  rdax  at 
different  rates.  For  examfde,  in  Figure  Sb,  the  spectral  intensity 
at  1 20  ppm  is  positive  while  native  intensity,  in^cating  a  slower 
spin-lattice  relaxation  rate,  is  obsoved  at  165  ppm.  This  would 
suggest  that  components  with  different  relaxation  rates  are  isolated 
or  only  weakly  diptde  coupled.  This  dipole  structuring  can  occur 
through  orientation  differaices  of  cry^  faces  and  also  through 
diflerences  in  fluoriiK  s^r^titm  on  a  given  crystal  surface. 
Strong  dipole  couplings  between  si»ns  would  provide  a  pathway 
for  magnetic  spin  diffusion  and,  hence,  equilibration  of  magnetic 
relaxation  rates  between  strongly  dipole  couided  spos.  Sample 
Dl  seems  to  display  three  distinct  relaxation  compements  at 
roughly  70,  120,  and  150  ppm  whUe  D2  has  two  resolvable 
compements  at  approximately  85  and  150  ppm.  T1  inversion 
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ngac  6.  T\  imettMO  reoowery  of  tampie  D2  at  298  K.  The  iavenkM 
raooveiy  dday,  r,  is  u  follows:  (a)  0.01.  (b)  0.04,  (c)  0.1,  (d)  O.IS,  (c) 
0.4,  and  (0  4.0  s. 

experiments  at  lower  temperatures  also  show  inbainogeoeous 
relmtion  behavim;  however,  the  number  of  distinct  components 
is  comidetely  obscured  by  line  broadening. 

Multiple-pulae  homonuclear  dipole  decouplings’’^  is  typically 
used  to  resolve  CSA  powder  pattemss*  and  has  proven  useful  in 
spin’^ttioe  relaxation  |dienomeaa‘*  by  averaging  hommiuclear 
(Upoie  broadening.  A  large  external  magnetic  field  increases  the 
NMR  signal-to-noise  ratio  as  well  as  increasing  the  absdnte 
isotropic  chemical  shift  and  CSA  powder  pattern  width.  Our 
field  at  280  MHz  for  ‘*F  is  not  enough  to  separate  and  resolve 
individual  CF,  CSA  patterns  which  have  intensity  from  50  to 
100  kHz  (180  to  360  ppm)  in  width  (see  figure  5).  The  useful 
spectral  window  for  multi^pulie  deoouiding  sequences  on  our 
spectrometer  is  roughly  40  which  is  limited  by  zero  noise 
and  other  artifacts.  Hence,  we  have  encountered  difficulties  in 
implementing  a  homonuclear  dipede  decoupling  sequence  due  to 
limited  frequency  bandwidths  as  wdl  as  low  signal  to  mdse. 

In  figures  7,  a  and  b,  the  quantity  ln)(l  -  is 

{dotted  versus  the  invetskm  recovery  delay,  r,  for  D1  and  D2, 
respectivdy.  i/,(r)  is  the  z-oomptment  magnetization  at  timer, 
andA/oistteequilibriumzmagnedzation.  Foriniielyexfxmential 
qdn-lattice  relaxation,  theBlochequationsaiiplied  to  the  inversion 
recovery  experiment  predict  such  {dots  will  yield  straight  lines. 
However,  b^sampltt  yield  noolinw  plots.  Conqtlicatkms  arise 
concerning  this  rdaxation  theory  for  two  reasons.  First,  the 
sanqdes  are  inhomogeneous  in  their  relaxation  behavior.  Second, 
i*F  magnetization  in  the  solid  state  can  relax  by  a  variety  of 
medianisnr:  dipoie-dipQleinteractions,chemicals^anisotro{>y, 
and  intoactions  with  paramagnetic  centers.  As  the  fluorine 
motion  is  frozen,  relaxation  via  CSA  and  Larmor  frequency  diprde 
fluctuations  caused  by  motiem  become  negligible.  U{xni  cording 
to  ISO K,  the telaxationrateofbothsam{desdecreases, indicating 
the  loss  of  the  two  motkm-induced  mechanisms.  However, 
relaxation  is  still  relatively  rapkl,  <m  a  time  scale  of  approxiiiutely 
1  s.  Cooling  the  sample,  [>2,  further  to  100  K  does  little  to  alter 
the  relaxation  rate.  This  behavior  would  indicate  that  the 
dominant  relaxation  mechanism  in  D2  occurs  through  para¬ 
magnetic  centers  at  temperatures  between  100  and  ISO  K.  This 
mechanism  can  be  relatively  temperature  insensitive  at  a  given 
crmcoitratkm  of  centers  over  a  SO  K  temperature  range.’’ 
Paramagnetic  relaxatirm  is  consistent  with  rehuation  observed 
for  hydrogen  on  diamond  surfaces.’* 

Due  to  the  inhomogeneous  nature  of  the  T\  relaxation,  no 
attempt  is  made  to  evaluate  relaxatkm  data  for  a  value  of  T\. 
This  would  require  assuming  some  type  of  relaxation  mechanism 


Inverskn  Recovery  Delay  (ms) 

FlgacT.  RelaxatkmfniictioD,ln|(l-Af(/Aro)/21,vetsnstlieinversion 
recovery  delay,  r,  at  varioas  ten^eratiires:  2S>8  K  (solid  squares);  ISO 
K  (open  squares);  100  K  (plus).  For  an  exponential  Boeb-type  decay, 
this  plot  sbould  be  linear,  (a)  Dl;  (B)  D2. 

for  magnetization  sudi  as  interactions  with  paramagnetic  craters 
or  motional  craters  at  a  mechanism  invtdving  both  di{xde-di{»le 
induced  s{>in  diffusion  and  one  of  these  interactions.'*  For  a 
mechanism  invtdving  paramagnetic  centers  in  the  absence  s{>in 
difiiision,  we  would  expect  the  relaxation  function  ln{(  1  -  Af,(r)/ 
Mb)/2}  to  be  linear  tm  a  time  scale  r'/*,  where  r  is  Ak  invorsira 
recovery  delay.**  However,  agreement  to  this  sort  a  function 
ctHild  alro  result  due  to  multicomponent  relaxation  behavior.  The 
direct  comixuison  of  the  initial  relaxation  rate  of  the  two  diamond 
sam{des  is  plotted  as  a  function  of  the  invasion  recovery  delay 
in  Hgure  8  at  298  and  ISO  K.  We  observe  that  Dl  relaxes 
somewhat  faster  than  D2  at  298  K  while  the  rdaxation  rates  are 
more  comparable  at  ISO  K.  This  would  indicate  that  motkm 
contributes  more  to  the  relaxation  of  Dl  than  D2  at  room 
temperature.  AttemperatuTeswheremotionisseverriyinhildted, 
(saramagnetic  relaxatira  is  {sredominant  and  relaxation  rates  are 
comparalde  between  the  two  sam{des.  The  order  of  magnitude 
estimate  for  the  Ti  time  constant  is  SOO  ms  for  both  Dl  and  D2 
at  a  tem{)erature  of  ISO  K. 

Surface  Distrftutiou  of  >*F.  Inafinalsetofexperimrats,MQ- 
NMR  is  used  to  evaluate  the  distribution  of  fluorine  on  the  surface 


Ftaoroctrboa  Plaama-Titated  Dumond  Powders 


Tkt  Journal  of  Physical  Chemistry.  Vol.  97,  No.  36, 1993  9193 


Invenian  Recoveiy  Delay  (ms) 

Clgwed.  Initial  rdaxatianfttiietioo  behavior  versus  the  imerMBteoavay 
delay,  t.  in  milliseconds  for  both  samples  at  various  temperatures:  Dl, 
298  K  (open  squares)  and  1 30  K  (solid  squares);  D2, 298  K  (open  drdes) 
and  ISO  K  (s^  circles). 
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Fipnc9.  MQspectmmofsanqdeDIatlSOKatanescitationtimerMQ 
«187.2|is.  The  bold  UneisaGaussian  fit  to  all  intensities  of  eaqserinsental 
MQ  orders  (solid  squares),  while  the  narrow  line  is  a  Gaussian  fit  to  the 
esperiment^  higher  MQ  orders  neglecting  the  2-qnantnm  order. 

of  the  treated  diamond  powders.  Only  sample  Dl  was  studied 
with  M(^NMR  since  sample  D2  provided  insufficient  signal. 
Roughly  S  X  10‘’  flumine/samide  are  required  for  MQ-NMR 
analysis  in  these  types  of  materiais.  In  Hgure  9,  the  MQ  order 
intensities  areplottiMlasafunction  of  theMQorderatan  excitation 
time  tmq  *  187.2  its  for  Dl  at  ISO  K.  As  mentioned  in  the 
Experinoeatal  Sectum,  the  numbn  of  correlated  spins  is  detw- 
mi^  from  a  Gaussian  fit  to  the  wnzero  orders.  The  btdd  line 
in  Figure  9  represents  a  Gaussian  fit  to  all  evoi  orders  op  to  10. 
while  thenarrow  line  B  a  Gaussian  fit  neglecting  the  two-quantum 
order.  The  poor  fit  of  the  bold  line  to  all  orders  >■  0.916) 
in  conjunction  with  the  excellent  fit  n^lecting  the  two-quantum 
signal  (iPwO.994)  would  indicate  that  the  two-quantum  intosity 
is  not  consistent  with  the  higher  MQ  order  intensities.  This 
phenomenon  is  evident  at  tmq  »  62.4  us  and  increases  in  severity 
as  time  progresses.  This  type  of  behavior  has  also  been  observed 


Duumiiwilws  Picpemion  Tune 

Flgweldi  Plot  of  the  auniber  of  condated  spins  from  MQ  qwetra  IS 
a  fimetion  of  the  dimensionless  preparation  time.  The  dimwiiinnlfei 
prepentian  time  b  defined  as  J/i'/Vmq.  The  symbob  are  defined  as 
follows:  Dl  (solid  squares);  CaFj  (open  squares);  NaF  (open  drcles); 
CsF  (open  triangles);  NaAsF*  (X);  hydrogenated  diamond  powder  (solid 
drde).  Fhiotide  s^  data  comes  from  ref  39,  and  the  hydrogenated 
dwm^  powder  b  from  ref  26.  All  data  vrete  taken  at  298  K,  except 
for  Dl  which  sms  taken  at  ISO  K. 

in  proton  MQ  studies  of  adsorbed  motocaks.^  It  b  not  likdy  to 
be  tlw  result  of  faster  rdaxation  of  higher  MC;  order  otriwrenoes 
with  respect  to  the  two-quantum  cdierence  since  thbidtenomenon 
u  not  observed  in  the  MQ-NMR  analysu  hydrogen  on  diamond 
powder  surfaces.^  We  propose  that  this  type  of  signal  b  the 
result  of  the  siqierpositionofMQsignab  from  rdatively  dispersed 
fluorine  in  we^  dipolar  cons'nnnication  and  aggn^ted  midei 
in  stronger  dipolar  comnatinication.  The  increased  intensity  of 
the  two<|uantum  sig&al  could  be  attributed  to  correlation  of 
disperse  fluorine  nuclei  on  the  surface  of  the  diamond  powder. 
Since  thb  MQ  intensity  distribution  did  not  occur  initi^y,  but 
only  developed  after  an  extended  period  of  excitation  time,  two- 
quantum  intensity  in  excess  of  that  predicted  by  s  Gaussian  fit 
to  higher-order  coherences  could  evolve  from  random  CFx  groups 
within  a  proximity  of  icveral  angstroms.  A  weak  two-quantum 
signal,  attributed  to  fluorine  corrdatioos  between  nuclei  on  two 
different  isotropically  rotating  metal  fluoride  anions,  was  observed 
in  mixtures  of  triptaybulfonium  hexafluoroantimonate  sdu- 
bilized  in  pidyfmethyl  methacrylate)  films.'*  Thbbdiaviorwas 
not  seen  in  the  hydrogoiated  diamond  powder  due  to  high  surface 
coverage  which  would  minimim  the  presence  of  bdated  hydrogen 
sites.  The  higher  MQ  order  intensities  are  indicative  of  extended 
fluorine  dipolar  networks  invtdving  many  nuclei  in  strong  dipdar 
onnmunication  analogous  to  the  behavku’ of  aggregates  of  Phr 
SSbFt  in  poly(it-botyi  methacr^te).'* 

In  Figure  1 0,  the  number  of  correlated  fluorine  nuclei,  derived 
from  a  Gaussian  fit^'  to  data  analogous  to  that  in  Rgure  10  as 
a  function  of  tmq  n^ecting  the  two-quantum  signal,  b  plotted 
as  a  function  of  the  exdtation  time  scaled  by  the  dipolm  field 
stroigth,  Af2'^^  in  Table  V  fm  Dl  at  ISO  K.  The  rate  ot  qiin 
cmrelation  has  been  related  to  the  dipolar  field  strength^  and 
the  dimensionality  of  the  spin  network.**-”  Scaling  the  prepa¬ 
ration  time  by  the  dipolar  field  strmigth  allows  us  to  evaluate  the 
influence  of  the  dimensionality  of  the  spin  network  on  a  very 
iniMill  loigth  scale,  order  10  A.  For  axnparbon,  the  plasma- 
treated  powder,  Dl,  b  (dotted  along  with  sAfimoirional  fluorine 
lattices,  CbFj,  NaF,  and  CsF,**  and  a  surface  distribution  of 
hydrogen  on  diamond  powder.**  The  spin  correlation  rate  of  the 
extended  fluorine  netwo  c  Dl  indicate  a  3-dimaisional 
distribution  on  a  very  s:  gth  scale  (10-20  A). 

MC^NMR  experimen:  j  indicate  that  fluorine  exists  in 

two  eaviraiments  on  the  diamond  powder  surface  i^samide  Dl . 
In  <»eenTiranmeat,fluorinebindaM  proximity  toother  fluorines. 
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farming  iciativeiy  itrang  dipole  coupled  spin  networks,  while  in 
theothm,  fluorine  is  close  to  reintivdy  few  other  fluorines.  The 
dispersed  fluorine  |diase  is  consistent  with  Ti  inhomogeneous 
relaxation  behavior,  which  indicates  that  not  all  of  the  flucnine 
in  the  sam|de  is  in  strong  dipolar  communication  on  a  given  crystal 
surface.  In  both  tamides  D1  and  D2,  fluorine  on  the  diamond 
surface  has  some  degree  of  motion  as  indicated  by  the  broadening 
of  the  FID  line  shapes  and  the  slowing  of  Ti  relaxatkm  as  the 
temperature  is  lowoed.  Although  no  MQ-NMR  data  exist  for 
sample  D2,  it  seems  likely  that  fluorine  coverage  on  both  samples 
is  very  rimilar  except  for  the  total  amount,  given  the  similarity 
of  static  FID,  magic-angle-spinning  FID,  and  Ti  relaxation 
experimental  results. 

Plaama  Chcmiatry.  The  plasma  chemistry  involved  in  these 
fluorination  treatments  is  a  complex  function  of  many  variables 
such  as  pressure,  power  discharge,  geometry,  and  reactant  flow 
rate,  as  well  as  the  substrate  to  be  treated.  In  keeping  these 
parameters  constant  in  both  plasma  treatments,  the  primary  issue 
becomes  the  influence  ofoxygen  addition  to  a  CF4  plasma.  Much 
work  has  been  done  to  examine  CF4  and  CF4/O2  plasma  chemistry 
due  to  the  techndogical  applications  in  etching  ^icon  and  silicon 
oxide.^*’-**  In  a  typical  CF4  plasma,  gas-phase  neutrals  include 
F,CF,CF2,andCF3.  Ions  will  not  be  considered  here  as  i^ma 
species  are  required  which  have  a  lifetime  sufflcient  for  diffusion 
into  the  diamo^  powder  bed  and  reaction  with  diamond  surfaces. 
In  this  physical  situation,  CFj  is  potentially  the  only  fluorocarbcm 
species  stable  enough  to  undergo  diffusion  into  the  powder  bed.^^^ 
CF}  undergoes  rapid  reaction  with  F  to  re-form  CF4  and  with 
itself  to  form  C2F4,  which  is  also  a  minor  product  of  a  CF4 
plasma.*'-^  CF  is  also  only  present  in  levels  cmnparable  to  CFj 
due  to  its  reactivity.^  Atomic  fluorine  is  also  present  in  relatively 
high  concentrations  such  that  it  is  also  a  potential  reactant  with 
diamond  surfaces.^**^^^  Hence,  the  products  of  interest  which 
could  potentially  react  with  the  powder  are  primarily  F  and  CF2. 

Thus,  surface  reactions  would  most  likely  involve  absorption 
of  fluorocarbon  species  and  atomic  fluorine  etching  reactions 
by  atomic  fluorine.  However,  in  previous  work,  exposure  of  the 
diamondflOO)  face  toatomk  fluorine  yietdsacarbonnionofluoride 
surface  layer  which  is  resistant  to  desorption  up  to  700  K.'^  In 
addition,  since  atomic  fluorine  cannot  penetrate  the  diamond 
lattice  through  the  (1 1 1)  or  (100)  face,  atomic  fluorine  is  not 
expected  to  be  a  stnmg  diamond  etchant  at  or  near  room 
temperature.  Hence, CF2andCF3speciesonthediamondsamples 
are  probably  the  result  of  amorphous  fluorocarbon  depositior 
This  would  be  consistent  with  motion  and  aggregation  of 
fluorine  obsoved  by  NMR. 

The  addition  of  molecular  oxygen  serves  to  scavenge  carbon 
from  the  {dasma  chemistry  and  increase  the  concentration  of 
fluorine  atoms.  Fluorocarbon  species  are  bound  by  the  reaction 
of  CF3  and  CF2  groups  with  atmnic  oxygen  to  form  primarily 
CX>F2,  CO2,  and  CO  depending  on  the  percent  of  O2  added.*^ 
The  formatitni  of  C2Ft,  which  is  a  recoml^ticm  product  CF3, 
is  miniiiiiwirf  by  the  addition  of  O2  to  CF4  plasmas  as  a  result  of 
the  reaction  of  CF3  with  atomic  oxygen.*‘  One  of  the  primary 
ways  in  which  the  F  concentration  is  increased  is  that  O  consumes 
species  which  undergo  reaction  with  F.^  For  instance,  the 
consumption  of  CF3  reduces  the  probability  of  re-forming  CF4 
from  CF3  and  F.  In  addition,  the  reacti<m  of  O  with  CF3  and 
CF2  to  form  COF2,  CO2,  and  CO  serves  to  liberate  F  from  these 
flumocarbon  species.*^  In  previous  experimental  work,^^  the 
addition  of  S%  O2  to  a  CF4  pluma  increa^  the  F  concentration 
S-fold  while  cutting  the  CF2  concentration  in  half. 

The  major  difference  in  fluorine  surface  coverage  between 
samples  D1  and  D2  is  a  reduction  by  approximately  a  factor  of 
10  in  the  amount  of  fluorine  with  the  addition  of  2%  O2  to  the 
CF4  |dasma.  'H  '7  would  seem  to  emphasize  the  significance  of 
fluorocarbon  deposition  in  these  plasma  treatments  although 
atomic  fluorine  may  etch  the  amorphous  fluorocarbon  deposit  as 


well.  This  could  explain  the  additkmal  signal  peak  at  123  ppm 
in  sample,  D2,  which  does  not  exist  in  sample,  Dl.  NMRaipials 
at  106  and  123  nxn  previously  assigned  to  CF2  species. 
Atomic  fluorine  etching  the  amor^mus  fluorocarbon  deposit 
could  introduce  both  saturated  and  unsaturated  CF2  qredes,  fm 
example. 

Oxygen  may  also  interact  directly  with  the  diamond  powder. 
Signifleant  chemisorptioa,  near  coinplete  surface  coverage,  was 
obtained  with  oxygen  on  diamond  powder  at  420  *C.  Although, 
at  2S  *C,  the  coverage  of  chemisorbed  oxygen  on  diamond  is 
one-fourth  that  at  420  Also,  molecular  oxygen  has  been 
used  to  oxidize  diamond  materials  at  about  100  A/min  at  6S0 
*C.  However,  diamond  at  roughly  100  *C  treated  with  plasma- 
activated  oxygen  is  etched  at  only  order  10  A/min.*  Adsorption 
of  oxygen  and  etching  of  diamond  by  oxygen  may  compete  with 
fluorine  deposition  or  remove  fluoriiut^  material.  The  direct 
interaction  of  oxygen  with  diamond  in  the  98%  CF4/2%  O2  idasma 
is,  however,  most  likely  insignificant.  The  amount  of  oxygen 
available  for  direct  interaction  is  probably  small  owing  to  gas- 
phase  consumption.  Furthermcne,  the  diamond  powder  is 
unheated,  which  has  been  observed  to  lessen  the  reactivity  of 
oxygen  on  diamond. 

Clearly,  further  work  needs  to  be  done  to  clarify  the  roles  of 
CFx  deposition  and  atomic  fluorine  in  the  resultant  fluorinesurface 
coverage  of  diamond  material.  One  possil^ty  would  be  to  treat 
diamond  in  plasmas  which  generate  atomic  fluorine  without  the 
production  of  fluorocarbon  species.  Thus,  one  could  study  the 
role  of  atomic  fluorine  in  diamond  materials  independmitly  frmn 
fluorine  deposited  on  diamond  surfaces  through  fluorocarbon 
absorption.  Potential  i^ma  reactants  might  be  F2,  NF3,  or 
SF<.  Molecular  fluorine  is  particularly  attractive  since  the  only 
activeneutralspeciesshouldbeatmnicfluorine.  Wemightexpect 
the  absorption  on  the  material  of  interest  of  SFx  or  NFz  species 
to  occur  to  some  extent,  although  little  chemisorbed  SFx  species 
were  observed  in  an  XPS  study  of  a  single-crystal  diammxif  1 1 1 ) 
treated  in  an  SF*  plasma."  For  studies  with  NMR,  SF*  may  be 
more  useful  than  NF3.  NFz  species’ chemical  shifts  overlap  the 
region  of  CFz  shifts,  while  the  overwhelming  majority  of  SFz 
chemical  shifts  occur  in  the  negative  range  of  chemical  shifts 
relative  to  CFCI3.’' 


Results  from  ’’F  NMR  experiments  can  provide  information 
on  the  nature  of  fluorocarbon  plasma-treated  diamond  surfaces. 
Fluorine  is  bonded  as  CFz  (x  =  1, 2,  ot  3)  groups  with  the  major 
component  being  CF.  The  isotropic  chemical  shifts  are  assigned 
as  follows:  CF,  148  ±  1  iqnn;  CF2, 123  and  106  ±  1  ppm;  CF3, 
78  ±  1  ppm  relative  to  CFCI3.  The  CF2  peak  at  123  ppm  is 
present  ody  in  the  sample  treated  with  tte  CF4/02  {dasnu.  A 
pure  CF4  plasma  covers  the  equivaloit  of  ai^voximatdy  half  of 
the  availaUe  surface  b<»d  density  with  flumine  while  the  addition 
of  2%  O2  to  the  plasnu  reduces  the  fluorine  coverage  by  a  factor 
oflO.  Hence,  the  type  of  CFz  species  deposited  by  both  plasmas 
is  similar,  primarily  CF,  while  the  total  anoount  diflers  drattkally. 
MQ-N\Ol  analysis  of  diamond  grit  treated  in  the  pure  CF4  plasma 
has  shown  that  fluorine  is  not  distributed  uniformly  but  appears 
to  be  located  in  two  different  environments  <mi  the  surface.  In 
one  environment,  fluorine  is  located  in  dose  proximity  to 
neighboring  flumine,  creating  a  relatively  strong,  extensive  dipolar 
network  (>40  dipole  coupled  **F)  with  an  apparent  3-<iimenrional 
structure.  Intheseoondenvironment,fluoriiKisrelativdyis(dated 
from  other  fluorine  nudei  ('xS  A),  indicating  the  chemisorptkm 
of  flumocarbon  spedes  on  surfaces  with  a  low  density  of 
chenusorbed fluorine.  Variable-tempmaturerirdaxationstudies 
have  iixlieated  some  fluorine  on  the  diamond  surfaces  undergoes 
motion  at  room  temperature,  which  is  almost  completdy  frozoi 
out  below  ISO  K.  The  presence  of  paramagnetic  centers  is 
indicated  by  the  relativeiy  fast  relaxation  of  fluorine  magnetization 
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even  after  thia  motian  ha*  been  ftoaen  out  The  majority  of 
fluorine  ohierved  in  them  (ample*  i*  probably  deposited  by 
fluorocarbon  depositian  for  two  reaaona.  First  the  amount  of 
fluorine  deposition  decreases  with  decreasing  fluorocarbon  con¬ 
centration  in  the  plasma.  Second,  treatment  of  the  diamond- 
(100)  fice  with  atomic  fluorine  yields  a  carbon  mom^oride 
surface'^  which  could  not  account  for  the  CFj  and  CFj  species 
observed  in  these  samples.  Fluorocarbon  deposition  would  also 
be  oonsisteat  with  the  motion  and  aggregation  of  fluorine  observed 
byNMR.  These  results  nuy  exfdain  differences  in  the  surface 
leakage  current  of  the  diam^  Schottky  diodes  recetving  CF4 
and  CF4/O2  plasma  treatments.*  Furtiier  work  is  needed  to 
evaluate  the  fun^km  of  atomic  fluorine  and  fluorocarbon  species 
in  producing  the  observed  fluorine  diamond  coverages.  Thismay 
illuminate  the  mechanism  by  which  the  CF4  peak  at  123  nm  is 
formed  in  the  CF4/O2  idasma  but  not  in  the  pure  CF4  pUsma. 
Finally,  the  information  obtained  in  this  work  concerning  fluorine 
chemi^spedes,  isotropic  chemical  shifts,  motion,  and  segregation 
may  also  serve  as  a  reference  for  ‘*F  NMR  of  fluorine-assisted 
CVD  dianumd  since  the  same  kind  of  infornution  is  desired  in 
this  case  as  well. 
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in  predicted  species  coiiceniraiiuns.  However,  for  other  species,  the  effect  of 
heteiogeueoiis  rcactimis  in  likely  to  l>c  si|;iiiric:iiit. 
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At  the  center  of  a  <100)  oriented  microwave  plasma  diamond  film,  a  hydrogen  concentration 
of  0.120  at.  %  was  measured  by  solid-state  nuclear  magnetic  resonance  (NMR)  spectroecc^y. 
Somewhat  lower  contents  were  found  for  the  central  regions  hot-filament  and  dc  arc-jet  materials, 
0.031  and  0.023  at.  %,  respectively.  However,  the  line  shapes  are  similar  in  aU  three  cases, 

indicating  similar  bonding  environments  for  the  hydrogen.  Radial  variations  in  hydrogen  content 
in  the  hot-filament  and  dc  arc-jet  samples  were  also  oheerved  by  NMR  Regions  with  higher 
hydrogen  contents  also  gave  rise  to  increased  absorption  in  the  CH  stretch  region  of  the  IR 
spectra  and  an  increased  background  signal  in  the  Raman  spectra.  Similarities  in  hydrogen 
content  and  distribution  in  these  films  indicates  that  a  common  mechanism  for  hydrogen 
incorporation  at  the  growing  diamond  surface.  Understanding  such  mechanisms  is  important 
for  producing  diamond  films  with  uniform  properties  over  lai^e  areas. 
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Introduction 

The  unique  properties  of  diamond,  such  as  its  high 
thermal  conductivity,  mechanical  characteristics,  optical 
transmission,  and  electronic  properties,  make  it  an  at¬ 
tractive  material  for  many  applications.^*^  Recent  ad¬ 
vances  allowing  the  production  of  high-quality  diamond 
films  have  generated  substantial  interest  in  research 
laboratories  throughout  the  world.  These  high-quality 
materials  are  produced  by  a  variety  of  methods  induding 
microwave  plasma,  hot-filament,  and  dc  arc-jet  chemical 
vapor  deposition  (CVD).  Although  large  dUfersnces  in 
growth  rates  exist  between  these  methods,  all  seem  <aq>able 
of  producing  highly  faceted  polycrystaUine  films  with  little 
evidence  of  non-diamond  carbon. 

The  primary  difference  between  most  of  the  CVD 
techniques  used  todepoeitdiamond  is  the  method  by  which 
energy  is  introduced  into  the  gas  phase.  The  reactant 
mixture  is  typically  quite  similar  consisting  of  dilute 
hydrocarbon  spedes  (0.5-2.0%)  in  hydn^en.^  Energy 
is  introduced  in  order  to  dissociate  and  exdte  these  gases, 
allowing  hydrocarbon  fragments  and  hydrogen  atoms  to 
reach  the  growth  surface  which  is  maintained  at  800-1000 
°C.  Hot-filament  and  dc  discharges  have  tnaTimntn  gas- 
phase  temperatures  of  ~2500  K,  yielding  growth  rates  on 
the  order  of  1  /im/h.  Dc  arc-jet  plasmas  have  gas-phase 
temperatures  of  4500  K  or  more  and  can  yield  deposition 
rates  of  >100  Mm/h.^  The  properties  of  the  diamond,  from 
run  to  run  and  also  spatially  within  the  sample,  should  be 
effected  by  the  conditions  and  species  which  prevail  at 
the  surface  of  the  growing  film.  Due  to  the  relatively  high 
pressure  and  light  emission  in  diamond  growing  environ¬ 
ments,  it  is  difficult  to  examine  the  state  of  the  growing 
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surface  in  situ.  Differences  observed  by  ex  situ  detection, 
however,  may  give  some  insight  into  the  differences  in 
growth  mechanisms  in  various  systems. 

This  piqier  examines  the  hydrogen  content  of  hot- 
filament,  dc  arc-jet  and  microwave  plasma  CVD  diamond 
films  by  solid-state  nuclear  magnetic  resonance  (NMR) 
spectroscc^y.  This  extends  our  early  work  using  ^H  NMR 
which  focuMd  only  on  hot-filament  materials.^  In 
addition,  variations  of  hydrogen  content  as  a  function  ot 
radial  position  in  the  sample  will  be  measured  for  the  dc 
arc-jet  and  hot-filament  films.  Hydrogen  content  was 
chosen  as  a  useful  indicator  of  diamond  quality  because 
it  correlates  well  with  IR  transmission*-*  and  is  also 
proposed  to  effect  electrical  properties,  such  as  resistivity.'^ 
In  Edition,  the  quantitative  NMR  measurements  will  be 
related  to  the  results  of  more  commonly  employed  diamond 
characterization  techniques. 

Experimental  Section 

Three  free-standing  diamond  films  were  produced  from  CR 
and  Hj  by  microwave  plasma  (MW),  dc  arc  jet  (DC),  and  hot- 
filament  (HF)  CVD,  respectively.  Further  details  id  the  MW 
and  DC  depositirau  are  propriety.  The  HF  CVD  sample  was 
de  itedatarateofL87Mm/hfroml%  CR  in  H2  onto  a  thick, 
rotL  .a>%,  l-in.-diameter  silicon  wafer  substrate  at  a  pressure  of 
100  Torr.  The  tantalum  filament  was  maintained  at  a  temper¬ 
ature  of  2375  K,  at  a  distance  cS  4  mm  from  the  substrate. 

The  microwave  film  was  obtained  from  the  center  of  a  >5(X>- 
Mm-tbick  dark  film.  The  dcarc-jet  material  was ''-4(X)-am-thick 
and  also  appeared  dark.  Samples  from  this  film  were  obtained 
at0.5-in.intervalsacroaBthe4.O-in.di8k.  Finally,  the  hot-filament 
sample  was  only  ~50  Mm  thick  with  a  gray-white  appearance, 
and  samples  were  obtained  at  0.25-in.  intervals  across  the  1.0-t- 
in.  disk. 

All  of  the  films  were  analyzed  using  Raman  spectroscopy, 
infrared  (IR)  spectroscopy.  X-ray  diffraction,  scanning  electron 
microscopy  (SEIM),  and  sc^d-state  nuclear  magnetic  resonance 


(5)  McNamara,  K.  M.;  Levy,  D.  R;  Gleason,  K.  K.;  Robinson,  C.  J. 
Appl.  Phyt.  Utt.  1992, 60, 580. 

(6)  McNamara,  K.  M.;  Gleason,  K.  K.;  Robinson,  C.  J.  J.  Vac.  Sci. 
Techrua.  A  1992, 10, 3143. 

(7)  Landstrase,  M.  L;  Ravi,  K.  V.  AppL  Phyt.  Lett.  1989,  10,  975. 
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Fifnn  1.  X-ray  di^action  pattam  for  tha  microwave  CVD 
film,  ahowing  predominant  orientation  in  the  <100)  direction. 

(NMR)spectroaoopy.  The  dcarc-jet  and  hot-filament  filma  were 
examined  for  radial  variationa  by  theae  techniques.  SinceNMR 
msasuras  average  bulk  cwcentration  of  the  material  residing  in 
the  sample  probe,  thisradial  resolution  was  achieved  by  sectioning 
these  samples  for  individual  measurements.  'nii(^  diamond 
samples  were  prepared  f<n  analysis  by  laser  cutting,  while  thiimer 
samites  could  be  sectioned  by  hand.  All  samples  were  free 
standing  and  examined  intact  without  crushing.  No  polishing 
of  the  interface  exposed  upon  substrate  removal  was  p^ormed. 
We  cannot  distiiiguish  if  this  region  of  initial  growth  has  a  different 
hydrogen  content  from  subs^uently  grown  material  because 
NMR  does  not  provide  depth  roolution.  However,  our  previous 
work**  does  not  showastr^rdationship  between  film  thickness 
and  total  hydrogen  content,  indicating  t^t  such  an  initial  region 
does  not  contribute  significantly  to  the  overall  hydrogen  content 
measured  by  NMR. 

Solid-state  NMR  spectra  were  obtained  at  a  static  magnetic 
field  of  6.7  T,  giving  a  ‘H  Lannor  firequen<7  of  270  MHz,  as 
described  previously.**  Approximately  1500 signal  sverageswme 
performed  at  room  temperature.  A  dday  of  5  s  between  averages 
allows  for  complete  spin-lattice  relaxation  of  the  protons. 
Comparison  the  total  integrated  area  under  the  spectrum 
obtahwd  from  a  diamond  film  of  a  given  weight  with  that  of  a 
potyfmethyl  methacrylate)  (PMMA)  standard  yields  quantitative 
hydrogen  contents  for  the  samples.* 

Resolta  and  Diacaasion 

Aa  anticipated  based  on  previous  reports,’’***  SEM 
micrographs  of  the  microwave  film  showed  a  relatively 
smooth  surface  with  an  average  grain  size  of  '”'5  /an, 
predominantly  oriented  in  the  <100)  direction,  as  con¬ 
firmed  using  X-ray  di^action  (Figure  1).  The  SEM 
micrographs  of  the  hot-filament  and  dc  arc-jet  prepared 
samples  show  significantly  higher  surface  roughness  with 
average  grain  sizes  of  10-15 /im  and  ~70Mm,  respectively. 
The  SEM  and  XRD  analysis  also  show  a  smaller  degree 
of  orientation,  primarily  along  the  (110)  direction. 

The  solid-state  *H  NMR  spectra  of  the  films  deposited 
by  each  method  are  shown  in  Figure  2a-c.  Fwthedc-arc 
jet  (Figure  2b)  and  hot-filament  films  (Figure  2c),  spectra 
for  both  the  central  (R  =■  0.0)  and  one  of  the  outer  r^ons 
(R>0)  are  shown.  Forthe  microwave  sample  (Figure  2a), 
only  a  single  spectrum  was  obtained.  To  facilitate  line- 
shape  comparison,  each  of  the  three  parts  of  Figure  2,  has 
a  different  normalization  factor.  However,  within  Figure 
2b,  the  ratio  of  intensities  of  the  two  spectra  equals  the 


<8)  Uvy,  D.  R;  GlMton,  K.K.J.  Vae.  Set.  Teehnol.  A  1S93.  II,  196. 
(9)  Wiid,C4Koidl,P.;Muller-Sebert,W.;Waldier,H.;K<^R!;Hen«s, 
N.;  LoA«t,  R.;  8«nilmlri,  R.  Diamond  Relot.  Mdtcr.  1999, 2, 158. 

<10)  Ohehlor,  B.;  Wild,  C.;  MuUmr-Sebnt,  W.;  Koidl  P.  Phynea  B 
1998, 185,  217. 


a 

‘c 


I 

>s 


S 

s 


Microwave  Plasma  Film  -  <1(X)» 


•200  -:00  0  tso  200 


Frequency  (kHz) 


Frequency  (kHz) 


e 

a 

I* 

€ 

m 

$ 


.IK  .in  0  100  no 

Frequency  (kHz) 

Figure  2.  Solid-state  *H  NMR  spectra  from  (a)  microwave,  <b) 
dc  arc-jet,  and  (c)  hot-filament  CVD  diamond  films.  All  spectra 
show  similar  line  shapes.  For  the  dcarc-jet  film  (b),  the  integrated 
intensity  of  the  spectra  from  the  center  (R  «  0.0)  versus  ^t  at 
a  radius  of  1  in.  (R  =  0.5)  of  the  dc  arc-jet  film,  indicates  a 
decrease  in  the  hydrogen  content  by  a  factor  of  ~2.5.  F<»  the 
hot-filament  film  (c),  the  intensity  difference  between  die 
integrated  area  for  the  center  (R  =  0.00)  and  the  outer  edge  <R 
w  1.00)  indicates  an  ~7-fdd  increase. 

ratio  of  their  hydrogen  contents.  The  same  is  true  for  the 
spectra  in  Figure  2c. 

Each  line  shsqie  in  Figure  2  contains  two  components, 
anarrow  Lorentzian  and  a  broad  Gaussian,  consistent  with 
the  observations  of  earlier  NMR  studies.’’*  In  that  work, 
the  narrow  Lorentzian  component  of  the  line  shape  is 
associated  with  motionally  averaged  hydrogen.  The 
Gaussian  component,  on  the  other  hand,  is  attributed  to 
static,  densely  packed  hydrogen.  Here,  as  in  the  earlier 
investigations,  a  majority  of  the  hydrogen  is  associated 
with  the  broad  component  (i.e.,  static  hydrogen)  and  only 
a  small  fraction  is  motionally  narrowed.  Previously, 
multiple-quantum  NMR  has  ^own  the  static,  densely 
clustered  hydrogen  to  be  primarily  distributed  on  two- 
dimensional  surfaces  rather  than  on  three-dimensional 
lattices.**  Hydrogen  passivation  of  grain  boundary  and 
growth  surfaces  in  the  polycrystalline  films  could  account 
for  observed  hydrogen  incorporation  levels.  Indeed,  films 


Hot-Filamem  Film 
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with  larger  grain  boundary  areas  (i.e.,  smaller  crystallite 
sues)  have  higher  hydrogen  ccmtents.*  However,  hydrogen 
decoration  of  avafacea  associated  with  defects  internal  to 
the  crystallites  cannot  be  ruled  out  In  films  with  higher 
hydrogen  contents  (>1  at.  %)  than  those  previously 
examined  by  multiple-quantum  NMR,  additional  types 
of  hydrogen  incorporation  may  also  exist  It  is  interesting 
that  the  characteristics  of  the  NMR  line  shape,  and  thus 
the  local  hydrogen  bonding  environment  do  not  change 
significantly  with  deposition  technique.  This  may  indicate 
a  common  surface  process  occurs  under  these  different 
conditions. 

Integration  of  the  NMR  line  shapes  show  that  the 
hydrogen  content  of  the  microwave  sample  is  approxi¬ 
mately  an  order  of  magnitude  higher  (0.120  at  %)  than 
those  observed  in  the  center  of  the  hot-filament  (0.031  at 
%)  and  dc  arc-jet  (0.023  at  %)  samples.  Although  hot- 
filament  filnm  with  such  high  hydrogen  contents  have  been 
previously  observed  by  NMR,  they  are  not  common.^ 
For  hydrogen  contents  of  >0.1  at  % ,  the  concentrations 
measured  by  NMR  are  somewhat  lower  than  calculated 
from  the  CH  stretdi  IR  region,  although  good  agreement 
between  the  two  techniques  was  found  at  lower  concen¬ 
trations.*  Between  0.4  and  0.9  at  %  H  has  been  measured 
by  IR  spectroscopy  for  ( 100}  textured  microwave  films,^*’ 
in  rough  agreement  although  slightly  higher,  than  the 
NMR  measurement  of  the  textured  microwave  sample 
usedinthisstudy.  Thereareseveralpoasibleexplanations 
fmr  this  relativ^  high  hydrogen  concentration  of  this 
sample.  First  the  surface  area  available  for  hydrogen 
passivation  could  be  larger.  In  support  of  this  hypothesis, 
its  5-^  crystallite  sue  is  relatively  small  compared  to 
films  previously  studied  by  NMR.  In  addition,  crystallite 
size  c^ves  with  film  thickness.^*  This  evolution  may 
lead  to  more  grain  boundary  area  in  a  strongly  (100) 
textured  film  as  compared  to  the  more  commonly  weal.iy 
(110)  textured  material.  Another  possibility  is  that  the 
(100)  texture  exposes  surfaces  which  allow  a  higher 
hydrogen  packing  density  or  that  additional  locations  for 
hydrogen  incorporation  exist,  such  as  a  non-diamond 
phase.  However,  such  changes  are  not  apparent  in  the 
NMR  line  width  which  is  determined  by  the  distribution 
of  proton  spadngs. 

Radial  variations  in  hydrogen  content  were  observed 
for  both  the  hot-filament  and  dcarc-jetdiamond.  Samples 
from  the  dc  arc-jet  material  were  la;m  cut  5-mm  diameter 
disks  cut  at  0.5-in.  intervals  along  the  2-in.  radius  of  the 
film.  Labeling  from  center  to  edge  and  normalizing, 
samples  are  taken  at  0.00,  R  ~  0.25,  R  «  0.50,  and  R 
sO.75.  Note  that  no  sample  was  obtained  from  the  outer 
edge  of  the  film.  The  hydrogen  concentrations  obtained 
from  the  total  integrated  area  under  the  NMR  line  shape 
are  listed  in  Table  I.  Also  listed  are  the  fiill-width  at  bidf- 
maTimiitn  (fwhm)  of  both  the  Gaussian  and  Lorentzian 
components  of  the  NMR  line.  A  comparison  of  the  ^H 
NMR  line  shapes  obtained  at  the  center  of  the  sample  (R 
»  0.00)  and  1.0  in.  from  the  center  (R  «  0.50)  are  shown 
in  Figure  2b.  The  integrated  area  under  the  line  shapes 
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Figaie  3.  Raman  spectra  taken  from  the  dc  arc-jet  sample  at 
R  >  0.00  and  R  «  0.50.  No  artificial  offret  impo^  on  these 
spectra,  indicating  a  larger  background  signal  at  A*  0.00.  The 
linewidth  of  the  1332  cm-^  peak  (TaUe  1)  is  also  broader  at  this 
central  poeitioiL 


WAVENUMBER  (cm'') 

Figured.  Infrared  q>ectra  of  samples  taken  from  the  dcarc-jet 
sample  at  R  >  0.00  and  R  >  0.50.  The  abswption  in  the  CH 
stretdi  region  is  larger  at  R  ■  0.00,  consistent  the NMR 
results (F^ure 2b).  Also,aBtrongmodeat~2820cnr*isq>parent 
in  the  R  >  0.0  spectrum. 

indicate  that  the  center  piece  contains  more  than  twice 
the  amount  of  hydrogen  (0.023  at.  % )  found  in  the  sample 
obtained  1  in.  ^m  the  center  (0.009  at.  %).  The  shape 
of  the  NMR  line,  however,  does  not  change  significantly. 

(Comparison  of  the  two  correqwnding  Raman  spectra 
(Figure  3)  shows  a  larger  fwhm  fat  the  1332-cm~*  peak 
(Table  I)  and  an  increase  in  background  signal  intensity 
for  the  central  (R  ^  0.0)  region.  Note  that  the  offmt 
between  the  two  Raman  spectra  in  Figure  3  is  real  and  not 
artificially  produced. 

In  additicm,  the  IR  spectrum  (Figure  4)  of  the  dc  arc 
film  show  an  increase  in  the  CH-stretch  absmption  in  the 
center  of  the  film,  in  agreement  with  the  higher  hydrogen 
observed  by  NMR.  These  IR  spectra  also  shows  a  strong 
absorption  at  2820  cm-^,  from  the  central  r^on  of  the 
film(R»0).  ThisabsorptiiHioccursatlowmwavenumbets 
than  CHz  bonding  configurations  in  polyciystalline  dia¬ 
mond  and  diamond-like  carbon  films  and  has  previously 
been  observed  in  CVD  diamond  films.*^*  A  tentative 
assignment  of  this  mode  as  monohydride  species  at 
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dislocations  or  similar  defect  sites  has  been  suggested.^** 
Another  possibility  is  related  to  IR  studies  of  organic 
molecules  where  stretching  frequencies  between  2810- 
2820  and  2805-2870  cm~^  have  been  cited  for  a  -OCHj 
and  -NCHs  groups,  respectively.*^  The  prevalence  of 
oxygen  and  nitrc^en  as  impurities  or  as  intentionally 
inti^uced  components  in  the  gas  phase  of  diamond 
deposition  environments  suixests  that  -OCHj  or  -NCHs 
groups  might  account  for  the  2820-cm~*  absorption  in 
polycrystalline  diamond.  Further  work  is  requir^  before 
a  definitive  assignment  of  this  mode  is  made  and  its 
relationship  to  the  diamond  growth  process  is  established. 

Results  for  the  radial  variation  of  the  hot-filament  C  VD 
diamond  were  obtained  from  sections  broken  from  the 
sample  at  0.25  inch  intervals  along  the  0.5+  inch  radius 
of  the  film  and  are  recorded  in  Table  2.  Labeling  from 
center  to  edge  and  normalizing,  samples  are  taken  at  R  » 
0.00,  R  »  0.50,  and  R  *  1.00.  llie  variations  in  the  fwhm 
of  both  NMR  components  and  the  1332-cm-*  peak  in  the 
Raman  spectra  are  also  recorded  in  Table  2.  Asignificant 
increase  in  hydrogen  content  from  0.031  at  %  to 0.229  at 
%  is  observed  in  the  *H  NMR  spectra  (Figure  2a)  obtained 
fromdiamtmdIocatedneartheedgefJRa  1.00)  as  compared 
to  the  center  (R  •  0.00)  of  this  sample.  Although  there 
is  an  increase  of  almost  an  order  of  magnitude  in  hydrogen 
concentration,  little  variation  is  observed  in  ei^er  the 
fwhm  or  the  NMR  line  shapes. 

The  central  and  edge  samples  from  the  hot-filament 
film  have  similar  1332  cm~*  peak  fwhm  in  the  Raman 
spectra  (see  Table  2).  Thus,higherhydrogencontentdoes 
not  relate  to  increased  broadness  of  tlw  Raman  one-phoncm 
mode,  as  was  seen  in  the  dc  arc-jet  film  (Figure  3). 
However,  the  background  in  the  R  *  1.0  Raman  spectra 
of  the  hot-filament  material  is  larger  than  for  the  R  »  0.0 
spectra  (note  that  no  artificial  offset  was  introduced  in 
Figuie5).  Inbothtbedcarc-jet(Figure3)andhot-filament 
(Figure  5)  samples,  a  larger  Raman  background  was  noted 
for  regions  of  ^her  hydrogen  content.  This  observation 
m^  only  be  a  coincidence  and  does  not  necessarily  indicate 
a cause-and-effect relationship.  However,higherhydrogen 
contents  are  expected  as  grain  boundary  area  and  the 
fraction  ofmm-diamond-bonded  phases  increases.  These 
two  trends  could  also  influence  phenomena  which  might 
give  rise  to  the  Raman  background  signal  such  as  lumi¬ 
nescence,  scattering  or  abscoption  of  non-diamond  phases. 
Indeed,  a  peak  at  ~15(X>cm~*  is  observed  atR  1.0  (Figure 
5)  indicating  the  presence  of  non-diamond  carbon  in  this 
region  of  relatively  high  hydrogen  content.*^ 

The  larger  CH  stretch  absorption  observed  at  R  =  1.0 
in  Figure  6  indicates  a  significantly  higher  hydrogen 
content  at  the  edge  of  the  hot-filament  film,  in  agreement 
with  the  NMR  results  (Figure  2c).  As  previously  ob¬ 
served,*^**  the  characteristic  symmetric  and  asymmetric 
stretching  modes  of  CH2  groups  at  ~2850  and  ~2920 
cm~*  are  clearly  visible  in  the  R  *  1.0  IR  spectra.  The 
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Fignie  5.  Raman  spectra  taken  fnm  the  center  (R  *  0.0)  and 
outer  edge  (R  >  1.0)  of  the  hot-filament  film.  Increeied 
background  is  observed  in  the  R  >  1.0  samide,  wfairii  contains 
no  artificial  offset 


WAVENUMBER  (cm'') 


FignreB.  IR  spectra  taken  from  the  hot-filament  samples  at  R 
>O.0OandR»1.0O.  The  sharp  increase  in  absorptian  in  tlwCH 
stretch  region  at  R  =  1.00  is  oonsistmit  with  Uie  *H  NMR  results 
(Figure2c).  Stnmg  stretching  modes  from  CHtgro«q>e  dominate 
the  R  -  1.0  sjpectrum. 
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Figare  7.  Hydrogen  content  of  the  dc  arc-jet  and  hot-filament 
diamond  films  as  a  function  of  normalized  radial  position. 

mode  at  ~2820cm~*  is  also  apparent  in  Figure  6,  although 
less  intense  than  for  the  dc  arc-jet  film  (Figure  4). 

Figure  7  shows  a  plot  of  the  variation  in  hydrogen  content 
as  a  function  of  normalized  radial  position  for  the  hot- 
filament  and  dc  arc-jet  samples.  The  material  located 
away  from  the  edges  of  both  samples  have  surprisingly 
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Mwiilar  hydrogen  content*,  ~0.01-0.04  at.  % ,  despite  the 
diffnenoe  expected  for  the  growth  rates  in  dc  arc-jet  and 
hot-filament  envmmments.^  Thus,  the  similarity  in 
hydrogen  cratent  in  the  twc  films  may  indicate  that 
hydrogen  incorporation  is  controlled  by  surface  processes 
ediidi  are  similar  in  both  systems.  The  results,  however, 
are  not  identical  The  hot  filament  diamond  film  shows 
a  significant  increase  in  hydrogen  with  radial  position, 
whik  the  treml  in  the  arc-jet  film  is  unclear.  A  slight 
increase  is  obanved  in  the  outermost  region,  but  no  samples 
were  obtained  less  than  Vr  in.  firom  the  edge.  Thereisalso 
a  minimum  in  the  hydrogen  c(mtent  at  the  position  halfway 
between  the  center  and  edge  of  the  sample  (R  =  0.50). 

The  fact  that  similar  hydrogen  contents  are  observed 
in  the  center  of  the  grow^  region  on  both  samples  may 
indicate  a  similar  mechanism  for  diamond  formation  in 
both  processes.  The  variations  in  hydrogen  content,  on 
the  other  hand,  may  result  from  fluctuations  in  the  gas- 
phase  concentrations  above  the  growth  surface,  nonuni¬ 
formities  in  surface  temperature,  orientation  of  the 
crystallite  growth  surface,  and  surface  area  of  these 
crystallites.  The  importance  of  these  factors  may  differ 
between  the  two  growth  environments  and  even  between 
difierent  reactors  of  the  same  type,  which  serves  to 
highlight  the  importance  of  understanding  surface  chem¬ 
istry  and  controlling  local  reactor  conditions  in  these 
systems  in  order  to  control  film  properties.  This  becomes 
particularly  important  for  large  area  samples. 

It  is  important  to  consider  the  effects  of  these  variations 
in  hydro^n  content  on  the  properties  of  diamond  films. 
As  an  example,  it  has  been  demonstrated  that  hydrogen 
content  can  be  quantitatively  correlated  with  abrarption 
in  the  CH  streU^  region  in  tiie  IR  spectrum  (see  Figures 
6  and  9).^  In  addition,  there  is  a  qualitative  correlation 
between  hydrogen  content  and  the  film’s  absorption  in 
the  S-lO-Min  region.^^  This  absorption  is  particularly 
important  in  the  application  of  CVD  diamond  for  infrared 
windows.  Significant  variations  in  this  absorption  would 
not  permit  the  use  of  such  large  area  diamond  films  in 
these  applications.  These  nonuniformities  also  raise 
questions  about  the  definition  of  spedfications  on  diamond 
samples.  Onemightexpecttoseespedficationsdeveloped 
which  include  both  the  maximum  absorbance  or  o^er 
characteristics  of  interest  and  the  marimnm  tolerable 
variation  in  that  parameter. 

Conclusions 

Low  hydrogen  contents,  as  measured  by  NMR,  were 
observed  at  the  centers  of  three  polycrystalline  diamond 
films  deposited  by  distinctly  different  processes:  micro- 
wave  plasma  (MW,  0.120  at  % ),  dc  arc-jet  (DC,  0.023  at 
% )  and  hot-filament  (HF,  0.031  at  %)  CVD.  lliiB  result 
is  in  agreeement  with  a  previous  study  of  a  seit '»  of  hot- 
filament  films,  all  of  whid  contained  <0.25  at  %  H.Thus, 
the  three  (?VD  methods  studied  here  (MW,  DC,  and  HF), 
may  havea  similar  mechanism  for  hydrogen  incwporation 
despite  their  expected  differences  in  growth  rate  and  gas- 
phase  composition.  Hydrogen  incorporation  at  internal 
surfaces  such  as  grain  boundaries  could  account  for  this 
similarity.  Thiswouldsupportthehypothesisofhydrogen 
termination  of  the  growing  surfaces  in  these  three  diffemt 
CVD  environments.  In  addition,  the  hydrogen  contents 
of  the  diamond  films  are  extremely  low  compared  to  those 
for  typicalhydrogenated  amorphous  carbon  films  prepared 
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by  radiofrequency  plasma  CVD  (~10  to  >50  at  %).^ 
liius,  vary  little  of  suchabeavUyhydrogwiated  amorphous 
carbon  can  exist  in  polycrystalline  diamond. 

The  distributi<m  of  surfaces  available  for  hydrogen 
passivation  should  vary  with  the  texture  of  a  potycijvtalline 
diamond  films  and  thus  produce  changes  in  t^  *H  NMR 
line  shape.  However,  the  MW  film,  which  displays  (100) 
oriented  crystals  at  the  surface,  has  a  similar  proton  NMR 
line  shape  to  the  DC  and  HF  films  which  have  a  weaker 
(110)  prWerred orientation.  Ifonlysurfacesfrmnthelarge 
orient^  crystallites  were  being  observed,  the  expected 
hydrogencontentoftheMW would bequitelow.  However, 
the  highly  textured  MW  film  has  an  order  of  magnitude 
higher  hydrogen  content  than  the  central  regions  of  the 
DC  and  HF  materials.  Thus,  other  surfaces,  such  as  from 
smaller  crystallites  which  are  covered  over  during  growth 
or  from  internal  void  surfaces  within  crystallites,  most 
likely  dominate  the  NMR  spectra  of  the  MW  film. 

The  CH  stretch  region  of  the  IR  spectra  allows  obser¬ 
vation  of  the  distribution  of  covalent  bonding  environ¬ 
ments  for  hydrogen  in  polycrystalline  diamond.  Clear 
differences  are  seen  between  films  and  spatially  within  a 
single  film.  In  particular,  the  CH2  stretching  modes  can 
be  well  defined.  In  addition,  some  film  regions  contain  a 
distinct  mode  at  ~2820  cm~^  which  lacks  a  defined 
assignment.  This  mode  is  not  observed  in  hydrogenated 
amorphous  carbon  films  and  represents  a  distinct  con¬ 
figuration  of  hydrogen  in  polycrystalline  diamond.  A  one- 
to-one  correspondence  exists  between  the  remaining 
absorptions  in  the  CH,  stretching  region  of  diamond  and 
thoseofhydrogenatedamorphouscarbonfilms.*^**  Ifthese 
environments  represent  the  growing  diamond  surface, 
there  is  a  large  heterogeneity  of  surface  sites  during 
polycrystalline  film  growth. 

Using  *H  NMR,  significant  radial  hydrogen  concen¬ 
trations  variations  were  observed  in  the  HF  film,  from 
0.031  at  %  at  the  center  to 0.229 at  %  attheedge.  Regions 
with  higher  hydrogen  contents  also  gave  rise  to  increased 
background  signals  Raman  spectra,  although  no  cause- 
and-effect  relationship  may  exist  Thus,  despite  the  high 
diffusivities  of  gas-phsw  species  HFC VD  diamond  reactors 
and  steps  taken  to  minimized  thermal  gradients  at  the 
growth  surface  (thick  substrates  and  sample  rotation), 
variations  in  hydrogen  contentcan  occur.  Sudi  differences 
in  hydrogen  content  are  known  to  affect  the  optical  quality 
of  diamond  and  will  likely  impact  other  properties,  as  well. 
Better  understanding  of  the  surface  kinetics,  gas-phase 
kinetics  and  mass  tran^wrt  is  required  to  reduce  spatial 
variations  in  film  quality,  particularly  in  large  area  films. 
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ABSTRACT 

Zeolites  have  been  used  as  a  potential  substrate  for  CVD  diamond  deposition.  By 
saturating  the  pore  channels  of  a  sUicalite  crystal,  which  are  spaced  approximately  10  A  apart, 
with  hydr^arbon  seeds  to  induce  and  control  nucleadon,  films  have  been  grown  in  a  hot 
filament  chemical  vapor  deposidon  (HFCVD)  system  under  standard  deposidon  condidons, 
using  acetone  as  the  carbon  source.  The  hydrocarbons  used  were  adamantane,  naphthalene, 
anth^ene,  2,3-benzanthracene,  and  l,2:S,6-dibenzanthracene.  To  enhance  nucleadon,  a  high 
pressure  pre-deposidon  period  was  used  inidally. 

Characterizadon  of  these  films  through  electron  diffracdon  and  Auger  electron 
spectroscopy  indicates  that  polycrystalline  6-SiC  imbedded  in  an  amorphous  matrix  is  inidally 
formed  and  large,  well  faceted  diamond  crystals  are  subsequently  nucleated. 

INTRODUCTION 

Diamond  is  a  technologically  interesdng  material  because  of  its  unusual  combination  of 
extreme  mechanical,  thermal,  and  electrical  properties.  It  is  the  hardest  material  known  (10^ 
kg/  mm^)  and  has  the  highest  thermal  conductivity  of  any  material  (20  W/cm-K).  In  addition, 
it  has  a  band-gap  of  5.45  eV,  a  hole  mobility  of  16(X)  cm^/V-s,  and  an  electron  mobility  of 
19(X)  cm^/V-s,  all  of  which  makes  diamond  a  superb  candidate  for  high  temperature,  high 
speed  electronic  devices.  One  of  the  primary  harriers  which  must  be  now  overcome  to  realize 
this  technology  is  the  heteroepitaxy  of  either  a  single  crystal  or  very  high  quality,  oriented 
polyciystalline  film. 

One  approach  which  has  been  taken  is  to  control  the  sites  for  nucleadon  of  diamond 
through  the  shape  modification  of  the  substrate  surface.  Geis,  et  al.  demonstrated  a  mosaic  film 
technique  in  which  a  smooth,  high-quality  film  was  grown  from  oriented  diamond  seeds  placed 
in  1(X)  ^m  spaced  invened,  square  pyramids  that  had  been  etched  into  a  silicon  wafer^ 

Recently,  Spitzl,  et  al.  report^  on  the  deposidon  of  micron  thick  diamond  films  on  porous 
silicon  substrates  of  varying  porosity^.  Depending  on  the  etching  conditions  used  and  the 
doping  of  the  substrate,  the  randomly  distributed  features  on  porous  silicon  can  have  an 
interpore  spacing  of  anywhere  from  5  nm  to  2(X)  nm. 

According  to  Wild  et  al.,  (KX))  textured  films  can  be  produced  from  randomly  oriented 
nuclei  once  the  film  is  made  sufficiendy  thick^.  Modeling  shows  that  the  film  thickness 
required  to  generate  well-textured  films  depends  on  the  initial  spacing  of  the  nuclei;  closely 
spaced  nuclei  allow  the  formation  of  a  te.xtured  film  at  smaller  Him  thicknesses  than  do  widely 

spaced  nuclei^.  When  compared  with  the  mosaic  film  technique,  growtfr on  porous-tilicon - 

represents  a  three  orders  of  magnitude  decrease  in  the  spacing  of  ^e  nucleadon  centers. 
Therefore  it  is  expected  that  films  grown  on  porous  silicon  would  require  considerably  less 
time  to  achieve  a  well-formed  morphology.  Here  we  have  attempted  to  extend  this  concept  to 
yet  smaller  spacings,  employing  zeolites  as  substrates  for  diamond  deposition. 

Zssiiiss 

Zeolites,  also  known  as  molecular  sieves,  are  a  general  class  of  nanoporous,  crystalline 
materials  that  are  widely  used  in  the  chemical  industry  as  catalysts  and  adsorbents.  Most 
zeolites  are  aluntinosilicates  and  have  a  general  composition  of  HmAlmSim-nOim-  Some  also 


incorporate  low  molecular  weight,  singly  charged  canons  such  as  sodium  and  magnesium.  At 
the  other  end  of  the  spectrum,  materials  such  as  silicalite  are  composed  solely  of  Si  and  0. 

Since  zeolites  become  more  thermally  stable  as  their  Si/Al  ratio  increases,  silicalite,  which  is 
stable  to  1200  ’C  was  selected  as  a  substrate  for  diamond  deposition.  Because  of  their 
crystallinity,  zeolite  surfaces  display  a  distinct,  regular  structure  composed  of  pore  openings 
that  range  firom  2-15  A  separated  by  interpore  spacings  which  range  from  5-31  A.  In  particular, 
silicalite,  which  has  a  ZSM-5  crystal  structure,  has  pores  that  are  5.5  A  in  diameter  and  are 
spaced  12  A  to.  20  A  apart,  depending  on  the  particular  direction  and  crystal  face.  When . 
compared  with  porous  silicon  substrates,  the  nucleadon  sites  on  a  silicalite  crystal  are  then 
potentially  two  orders  of  magnitude  closer  togethc 

In  this  study,  the  silicalite  c^stals  us^ 
arc  uniformly  60  x  15  x  15  pm  in  size.  Examples 
are  shown  in  Figure  1. 

EXPERIMENTAL  SECTION 

All  of  the  experiments  were  performed 
with  a  hot  filament  chemical  vapor.deposition 
(HFCVD)  system  using  hydrogen  and  acetone  as 
the  feed  gases.  The  gases  were  activated  with  a 
planar,  S-shaped  tantalum  filament.  The 
substrate  temperature  was  monitored  by  a  K 
type  thermocouple  contacting  the  back  of  the 
silicon  wafer.  Typical  deposition  conditions  Figure  1:  silicalite  crystals 

were  gas.  feeds  of  150  seem  of  H2. 1.5  seem  of  acetone,  and  a  substrate  temperature  of  780  *C. 
The  reactor  pressure  was  100  torr  during  the  first  j  hour  of  deposition  and  was  changed  to  20 
torr  for  the  remaining  2  hours.  When  silicon  wafers  seeded  with  0.5  urn  diamond  grit  were 
used  as  substrates  for  this  process,  well  facetcc'  -7  |xm  thick  polycrystallinc  diamond  films 
resulted.  Runs  without  the  initial  high  pressure  period  resulted  in  etching  of  the  silicalite 
crystals,  probably  due  to  the  flux  of  H-atoms. 


Matsumoto  and  Matsui  have  previously  suggested  that  adamantane 
(C10H16;  see  Figure  2)  and  similar  hydrocarbon  cage  compounds  may  act  as 
"embryos"  for  diamond  nucleation^.  Working  from  the  hypothesis  that  some 
form  of  sp3-bonded  carbon  acts  as  the  nuclei  for  diamond  formation,  we  used 
adamantane  as  our  model  compound.  In  addition,  adamantane  has  an 
diameter  of  approximately  4  A  which  should  allow  it  to  diffuse  through  the 
silicalite  pores  easily.  Seeding  was  accomplished  by  placing  the  calcined  zeolite  powder  into  a 
solution  of  adamantane  in  methylene  chloride  for  several  days. 

Scanning  electron  microscopy  (SEM)  and  transmission  electron  microscopy  (TEM) 
were  used  to  analyze  the  post-deposition  samples.  SEM  was  performed  via  a  ElectroScan 
Environment  Scanning  Electron  Microscope  and  no  special  sample  preparation  was  necessary. 
TEM  films  were  prepared  by  subjecting  the  as-deposited  samples  to  a  hydrogen-only  feed  in 
the  HFCVD  reactor  for  half  an  hour;  any  remaining  silicalite  crystals  or  non-diamond  carbon 
films  were  etched  away.  The  residual  material  was  then  scraped  onto  a  number  of  carbon  film 
coated  TEM  grids  for  analysis. 


Figure  2 


It  has  also  been  proposed  that  diamond  nucleadon  begins  at  the  "edges"  of  sp^-bonded 
carbon  compounds.  In  particular,  Angus  has  reponed  the  growth  of  diamond  particles  from  the 


edges  of  the  basal  planes  of  highly  oriented  pyrolitic  graphite  (HOPG)  and  from  peiylene 
tetracarboxyiic  acid  dianhydiide^.  To  investigate  this  possibility,  a  homologous  series  of  linear 
polyarcnnaac  hydrocarbons  was  also  used  as  hydrocarbon  seeds.  They  were  naphthalene, 
anthracene,  2,3-benzanthracene,  and  l,2:5,6-dibenzanthracene  (see  Figure  3).  In  addition, 
experiments  were  perfcxmed  with  acetone  feeds  of  0.0  and  1.0  seem  during  the  initial  high 
pressure  period  to  test  the  hypothesis  that  the 
local  C-concentration  at  the  zeolite  surface 
may  have  been  over  high  and  leading  to 
amorphous  C  deposition. 

The  analysis  and  characterizadon  of 
samples  were  performed  through  SEM  and 
Auger  electron  spectroscopy  (AES).  Samples 
for  AES  were  prepared  by  manually  moving 
and  embedding  the  zeolite  crystals  into 
indium  foil. 


RESULTS 


sp3  Bonded  Hydrocarbon  Seed 

The  SEM  result  is  displayed  in  Figure 
4  and  shows  a  shattered  silicalite  shaped  shell, 
secondary  nucleation  of  diamond  on  the  film  and  on  the  silicon  wafer. 

The  TEM  image  from  an  approximately  1  pm^  film  is  shown  in  Figure  5.  Note  that  it  is 
composed  of  crystalline  regions  of  roughly  10  A  diameter  within  an  otherwise  amorphous 
matrix.  The  electron  diffracdon  pattern  is  shown  in  Figure  6a  and  graphically  in  Figtue  6b;  it 
idendHes  the  crystalline  component  as  B-SiC. 


Figure  3 

This  translucent  film  is  also  accomparued  by 


Figure  4:  SEM  of  film  on  zeolite  Figure  5:  TEM  of  film  on  zeolite 
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Hgure  6a:  electron  diffraction  pattern 
for  adamantane  seeded  experiment 
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Hgure  6b:  electron  diffraction  result 
for  adamantane  seeded  experiment 


sp2  Bonded  Hydrocarbon  Seed 

Hgures  7a  and  b  show  the  SEM  results  from  the  anthracene  seeded  experiments  in 
which  1.0  seem  of  acetone  was  used  initially:  Figure  7c  shows  the  result  from  the  0.0  seem 
experiment  The  snoooth  coating  on  the  zeolite  in  Figure  7a  is  most  likely  an  amorphous 
carbon  coadng.  Figure  7b  is  a  tdgher  magnification  image  of  one  of  the  point  nucleated 
dianx)nd  particles  shown  in  Figure  7a.  Similar  nucleadon  behavior  has  t^n  observed  by  Li,  et 
al.  in  the  case  of  diamond  nucleadon  on  the  edges  of  HOPG^.  Because  the  SEM  images  from 
the  experiments  involving  2,3-benzanthracene  and  l,2:5,6-dibcnzanthraceoe  showed  that  the 
majority  of  the  zeolites  were  etched,  it  was  concluded  that  the  reladvely  size  of  the  seeds 
prevented  them  ^m  diffusing  into  the  zeolite  pores  and  no  further  analysis  was  done  upon 
those  samples. 


Figure  7a:  SEM  of  zeolite  fipom  Figure  7b:  higher  magnificadon 

anthracene  seeded  experiment  picture  of  Figure  7 a 


In  addition  to 

analyzing  the  experimental 
samples  via  AES,  standiard 
spectra  were  taken  of  a  free- 
standing  HFCVD  diamond 
film  and  of  a  crystalline 
graphite  powder,  they  are 
displayed  in  Figures  8a  and  b, 
nesj^tivcly.  The 
distinguishing  features  to 
note  are  in  the  region 
immediately  preceding  the 
272  cV  C-KLL  transition. 
Hgure  8c  is  an  AES  spectra 
of  B-SiC  from  Kaplan*.  In 
Figure  9  shows  another 
silicalitc  crystal  from  the 
sample  shown  in  Figure  7c. 
An  AES  spectrum  was  taken 
from  the  outlined  area  after 
sputtering  with  a  1.5  keV  Ar+ 
ion  gun  at  a  flux  of  9.8x10^8 


seeded  experiment;  0.0  seem  initial  feed 


cm  and  IS  shown  in  Figure  8d.  Prior  to  sputtering,  the  sample  exhibited  an  amorphous  carbon 
specua  charactensiic  of  advcniitious  carbon  contamination.  While  the  buckled  film  is  clcarlv 
no^diamond^or  graphite,  a  careful  comparison  of  Figures  8c  and  8d  indicate  that  the  film  is 


Binding  Energy  (eV) 


Figure  8:  Auger  spectroscopy  results  for;  a)  HFCVD 
film,  b)  crystalline  graphite  powder,  c)  B-SiC  from 
Kaplan,  d)  film  on  zeolite  from  Fig.  9 


CONCLUSIONS 


A  novel  n^thod  for 
controlling  the  nucleation  of 
CVD  diaimnd  films  at  the 
molecular  level  has  been 
proposed  using  zeolites  as 
potential  substrates.  By 
saturating  the  pore  channels 
of  a  silicalite  crystal  with 
hydrocarbon  seeds  to  induce 
and  control  nucleation,  films 
were  grown  in  a  HFCVD 
system.  The  hydrocarbons 
used  were  adamantane, 
naphthalene,  anthracene, 
2,3-benzanthracene,  and 
1 ,2:5, 6-dibenzanthracene. 

Characterization  of 
the  film  the  adamantane 
seeded  silicalites  was  through 
electron  diffraction  and 
indicated  that  it  was 


Figure  9:  zeolite  used  fcxr  Auger  spectroscopy;  spectra 
was  taken  by  rastering  over  outlined  area 


polycrystalline  B-SiC  imbedded  in  an  amorphous  matrix.  Auger  electron  spectroscopy  was 
performed  on  a  film  from  an  anthracene  se^ed  silicalite.  While  a  surface  carbide  layer  was 
clearly  indicated,  it  was  not  possible  to  identify  the  film  as  any  single  phase.  Most  likely,  the 
film  was  again  a  mixture  of  crystalline  and  amorphous  phases. 

In  conclusion,  the  concept  of  using  a  molecular  scale  patterned  substrate  to  control  the 
nucleation  of  a  CVD  generated  diamond  &m  is  still  potentially  interesting  process  but  would 
require  either  a  crystalline,  nanoporous,  non-carbide  former  as  the  substrate  or  the  use  of  a  low 
temperature  deposition  process  to  avoid  the  carbide  formation  problem  in  the  zeolites. 
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Abstract 


Hydrogen,  oxygen,  and  nitrogen  related  defects  in  CVD  diamond  have 
been  observed  by  infrared  spectroscopy  and  found  to  effect  optical  absorptions 
in  spectral  regions  of  commercial  interest.  The  origin  of  absorptions  in  the 
infrared  spectrum  at  2820  cm"i  and  2833  cm'i,  which  have  been  observed 
previously  without  being  understood,  have  been  identified.  The  presence  of 
these  absorptions  and  the  evidence  of  oxygen  and  nitrogen  incorporation  in  CVD 
diamond  have  important  implications  for  both  the  design  of  CVD  diamo-^  ^ 
growth  systems  and  the  design  of  processes  involving  oxygen  addition.  In  filnii 
which  contain  high  hydrogen  concentrations  (>  0.2  atomic  %),  some  evidence  has 
been  found  indicating  the  presence  of  a  hydrogen  environment,  not  present  in 
films  with  lower  hydrogen  contents,  which  may  be  related  to  sp2  bonded  carbon. 


*Author  to  whom  correspondence  should  be  addressed 


Introduction 


Recent  advancements  in  diamond  deposition  have  made  possible  the 
formation  of  large  area,  free  standing  diamond  sheets  with  optical  properties 
approaching  those  of  type  Ila  diamond.  The  ability  to  obtain  diamond  in 
dimensions  which  are  not  economically  or  otherwise  feasible  with  natural 
diamond  or  high-pressure  high-temperature  (HPHT)  synthetic  stones,  suggests  a 
variety  of  new  applications  for  this  material.  Polycrystalline  diamond,  however, 
contains  grain  boundaries  and  defects  not  present  in  single  crystal  stones.  These 
impurities  can  lead  to  variations  in  the  properties  of  the  material,  including 
optical  absorption  in  regions  of  commercial  interest,  where  none  are  observed  in 
type  Ila  diamond.  To  control  the  optical  properties  of  CVD  (chemical  vapor 
deposited)  diamond,  we  need  a  better  understanding  of  the  defects  which  cause 
such  absorptions  and  their  origin. 

A  variety  of  techniques  are  used  to  deposit  diamond  films  at  an  even 
wider  variety  of  conditions.^"^  A  majority  of  CVD  processes  use  a  dilute  mixture 
of  some  hydrocarbon  (typically  methane)  in  hydrogen.  In  addition,  some 
processes  use  oxygen,  added  separately  or  as  a  constituent  of  the  carbon 
source.4'5  The  effects  of  oxygen  on  growth  rate  and  film  quality,  as  defined  by 
Raman  spectroscopy,  have  been  noted  throughout  the  literature.^/^  jhe  effects  of 
oxygen  addition  on  film  properties,  however,  has  not  been  extensively  explored.^ 
This  study  addresses  the  fate  of  oxygen,  as  well  as  other  impurities,  introduced 
intentionally  or  otherwise,  in  CVD  diamond  growth. 

Infrared  (IR)  spectroscopy  has  been  used  previously^'^^  to  study 
hydrogen  in  CVD  diamond.  Here,  it  is  used,  in  combination  with  other 


techniques  including  nuclear  magnetic  resonance  (NMR),  x-ray  photoelectron 
spectroscopy  (XPS),  and  x-ray  diffraction,  to  elucidate  information  not  only  about 
hydrogen  and  its  bonding  environment,  but  also  about  other  impurities,  such  as 
nitrogen  and  oxygen.  We  will  demonstrate  that  each  of  these  impurities  can 
have  substantial  effects  on  the  optical  absorption  of  diamond  in  areas  of 
potential  interest,  including  the  8-12  jim  wavelength  region  of  the  infrared 
spectrum..  In  addition,  we  identify  the  origin  of  two  peaks  which  have  been 
observed  previously  in  the  CH-stretch  region  (2750-3300)  of  the  IR  spectra  of 
CVD  diamond,®"^  ^  but  have  not  been  understood  until  the  present  work. 

Experimental 

The  majority  of  the  diamond  films  discussed  in  this  work  were  made  by  a 
proprietary  microwave  CVD  process  under  a  variety  of  conditions.  Conditions 
were  chosen  to  produce  material  with  a  range  of  optical  properties  in  order  to 
observe  the  changes  in  defect  content  with  increasing  film  quality.  Other 
materials  discussed  here  were  produced  by  hot-filament  CVD  and  DC  arc-jet 
CVD.  The  conditions  for  the  production  of  these  materials  have  been  discussed 
elsewhere.^®  In  all  cases,  substrates  were  removed  to  yield  free-standing 
diamond  films  ranging  in  thickness  from  100  pm  to  >  500  pm.  This  substrate 
removal  process,  by  dissolution  in  acid  or  other  proprietary  methods,  does  not 
alter  or  remove  any  portion  of  the  diamond  film.  The  films  varied  in  visible 
transparency  from  opaque  to  water-clear.  By  comparing  films  of  varying 
thickness  which  were  produced  under  the  same  conditions,  the  variation  in 
optical  quality  was  determined  to  be  primarily  a  function  of  process  conditions 
rather  than  thickness.  An  example  of  the  infrared  transmission  spectrum  of  a 
highly  transparent  CVD  diamond  film  is  shown  in  Figure  1.  Note  the 


transmission  in  the  8-12  ^un  region  is  ~  70%^  approaching  the  that  of  the  best 
natural  diamond. 

Infrared  spectra  were  obtained  on  a  Nicolet  FTIR  spectrometer.  Films 
were  examined  as  grown  without  polishing.  Contributions  due  to  surface  and 
internal  scattering  processes  were  estimated  using  an  appropriate  polynomial 
baseline  fit.  The  measured  transmittance,  T,  is  then  converted  to  absorbance.  A: 

A  =  ln(To/T)  (1) 

where  Tq  refers  to  the  polynomial  fit.  Spectra  were  obtained  over  a  frequency 
range  of  900  to  3500  cm"^.  All  diamond  shows  an  intrinsic  absorption  in  the 
two-phonon  range  between  1333  and  2666  cm"^.  However,  diamonds 
containing  defects  often  show  additional  absorption  in  the  symmetry  forbidden 
one-phonon  region  below  1333  cm'^  and  in  the  region  between  2750  and  3300 
cm"^,  known  as  the  CH-stretch  region.  CH-stretch  absorptions  are  particularly 
prevalent  in  CVD  diamond. 

In  this  study,  nuclear  magnetic  resonance  techniques  have  also  been  used 
to  obtain  quantitative  information  on  hydrogen  contents  in  CVD  diamond  films 
as  well  as  some  insight  into  the  distribution  and  local  environment  of  this 
hydrogen.  Each  hydrogen  nucleus  gives  rise  to  the  same  signal  intensity, 
regardless  of  its  bonding  environment,  allowing  the  calculation  of  quantitative 
hydrogen  contents  by  comparison  to  a  known  standard  of  known  hydrogen 
content.  Here,  the  standard  is  a  polymethyl-methacrylate  film  deposited  on  a 
highly  resistive  silicon  wafer.  The  hydrogen  NMR  lineshape  from  polymethyl¬ 
methacrylate  is  a  Lorentzian  with  a  full  width  at  half-maximum  (FWHM)  equal 
to  roughly  30  kHz.  It  is  desirable  to  have  a  standard  linewidth  comparable  to 


that  of  the  unknown  so  that  the  variations  due  to  the  influence  of  signal 
processing  parameters  is  minimized. 

Solid-state  proton  NMR  spectra  were  obtained  on  a  home-built  6.3  Tesla 
spectrometer.  Spectra  were  obtained  following  a  90®  pulse,  where  7c/2  =  1.5  |is. 
Between  5  x  10^  and  5  x  10^  transients  were  acquired  to  achieve  the  desired 
signal-to-noise  ratio.  A  recycle  delay  of  5  s  was  chosen  to  allow  the  system  to 
return  to  equilibrium  with  the  static  magnetic  field  between  acquisitions.  A  spin- 
lattice  relaxation  time  of  <  1  s  was  determined  previously  for  CVD  diamond 
films  of  similar  hydrogen  content  and  is  defined  by  the  Bloch  equation^^: 

MtLMeq  =  exp(-t/Ti)  (2) 

Mo  -  Meq 

where  M(t)  is  the  net  magnetization  parallel  to  the  external  magnetic  field  at 
time,  t;  Meq  is  the  equilibrium  magnetization;  and  Mq  is  the  initial 
magnetization  at  time,  t  =  0.  Spectra  were  acquired  approximately  15  kHz  off- 
resonance  to  avoid  distortion  of  the  Lorentzian  component  of  the  lineshape  by 
zero  frequency  (DC)  noise. 

Diamond  samples  were  obtained  from  intact  free-standing  films,  laser-cut 
to  dimensions  suitable  for  the  NMR  probe  coil  which  was  7  mm  in  diameter  and 
25  mm  long.  Samples  were  acid  washed  for  one  hour  in  a  boiling  solution  of 
equal  parts:  deionized  water,  96%  sulfuric  add,  and  70%  nitirc  add  to  eliminate 
any  amorphous  carbon  generated  in  the  laser  cutting  process.  The  detection  limit 
for  hydrogen  in  the  spectrometer  is  10^^  protons,  which  corresponds  to  ~  4  mg 
for  a  sample  with  a  hydrogen  content  of  0.05  atomic  %. 


Other  techniques  used  to  examine  the  diamond  samples  discussed  here 
include  scanning  electron  microscopy  (SEM),  x-ray  photoelectron  spectroscopy, 
and  x-ray  diffraction.  SEMs  provide  information  about  grain  size  and  surface 
morphology,  while  x-ray  diffraction  reveals  crystal  orientation  data.  XPS  was 
used  to  identify  or  confirm  impurities  incorporated  in  the  films  including 
nitrogen,  oxygen,  and  a  number  of  metallic  impurities.  This  is  primarily  a 
surface  technique  with  the  capability  of  probing  several  hundred  angstroms  into 
the  film  when  combined  with  argon  sputtering. 

Results  and  Discussion 

A  total  of  16  diamond  films  were  made  by  microwave  CVD  for  this  study. 
The  infrared  spectra  of  a  representative  film  is  shown  in  Figure  2.  It  shows 
absorptions  in  the  one,  two,  and  three  phonon  regions,  as  do  all  of  the  films 
studied  here.  As  mentioned  earlier,  the  two  phonon  absorption  between  1333 
and  2666  cm"^  is  intrinsic  to  pure  diamond.  Thus,  it  can  be  used  to  normalize 
spectra  from  samples  of  varying  thickness.  It  is  the  absorptions  outside  of  this 
region  which  yield  information  about  the  impurities  and  defects  in  diamond. 
While  varying  in  intensity  with  respect  to  the  two  phonon  absorption,  these  one 
and  three  phonon  absorptions  appear  at  the  same  characteristic  frequencies  in  all 
of  the  spectra  discussed  here. 

The  CH-stretch  region  (2750-3300  cm’^)  contains  information  about 
hydrogen  bonded  to  carbon  and  other  atoms,  present  as  impurities,  in  diamond 
films.  In  this  frequency  range,  we  see  the  stretching  vibrations  of  carbon- 
hydrogen  bonds.  The  frequency  of  the  bond  vibration  is  shifted  slightly  for 
bonds  in  different  local  environments,  allowing  us  to  differentiate  CHx 
groups.^5,16  For  example,  the  CH-stretch  signatures  of  hydrogen  bonded  to  sp2 


bonded  carbon  appear  above  2950  cm’^,  while  those  associated  with  sp3  bonded 
carbon  appear  below  3000  cm’^.^5,16  Thus,  IR  spectroscopy  yields  information 
about  the  carbon  bonding  environment  as  well  as  that  of  hydrogen.  Figure  3 
shows  the  CH-stretch  region  of  two  typical  diamond  films. 

Upon  closer  examination  of  the  CH-stretch  region  in  Figure  3,  it  is  evident 
that  some  diamond  films  contain  hydrogen  bonded  to  sp2  carbon,  while  in  other 
films,  it  is  below  the  detection  limit.  Films  containing  sp2  bonded  CH  groups 
generally  show  higher  overall  hydrogen  contents  (see  below)  than  those  showing 
only  absorptions  below  3000  cm"^.  The  number  of  hydrogen  atoms  bonded  to  a 
single  carbon  will  also  cause  variation  in  the  frequency  of  the  stretch  vibration. 
Typical  wavenumbers  for  CHx  stretch  vibrations  observed  in  diamonds  are  listed 
in  Table  Using  these  approximate  frequencies,  we  can  perform  a  least 

squares  fit  to  the  experimentally  measured  CH-stretch  absorption  to  determine 
the  species  present.  However,  there  are  still  a  large  number  of  fitted  parameters. 
It  is  possible  to  decrease  the  number  of  fitted  parameters  by  setting  the 
maximum  peak  widths  as  well.  This  is  done  by  using  an  average  of  widths 
observed  in  this  work  and  those  observed  in  the  literature.^/^^/^^  The  ratio  of 
peak  intensities  for  the  symmetric  and  asymmetric  line  pairs  were  not  set, 
however,  since  the  diamond  environment  is  ill-defined,  and  it  is  possible  for  this 
ratio  to  vary  considerably.  A  common  example  of  such  behavior  is  observed  in 
the  infrared  spectra  of  straight  chain  hydrocarbons  such  as  tetradecane.21 

The  fits  for  two  of  the  diamond  films  studied  are  also  shown  in  Figure  3. 
The  first  film  shows  no  sp^  bonded  CH-stretch  absorptions  (>2950  cm'^),  while 
the  second  shows  an  absorption  at  3025  cm"^,  indicative  of  an  sp2  bonded  CH 


group.  SEMs  of  the  samples  show  a  decline  in  the  morphology  of  the  second 
film,  which  is  also  consistent  with  an  increase  in  sp^  bonded  material.  The 
dominant  absorptions  in  both  spectra  appear  near  2850  cm"^  and  2920  cm'^  and 
are  indicative  of  the  symmetric  and  asymmetric  stretching  of  CH2  groups, 
respectively,  where  the  carbon  is  sp^  bonded.  Both  of  these  spectra  clearly 
demonstrate  the  inequality  in  absorption  intensity  for  the  symmetric  and 
asymmetric  absorptions  of  sp3  bonded  CH2  groups  in  the  diamond 
environment.  This  inequality,  where  the  intensity  of  the  asymmetric  line  is 
greater  than  that  of  the  symmetric  was  observed  in  the  majority  of  the  films 
studied  here,  and  is  also  observed  in  long-chain  hydrocarbons.^^  About  one- 
third  of  the  films  demonstrated  equal  intensities  or  slightly  greater  intensity  in 
the  symmetric  line.  The  somewhat  less  intense  absorptions  present  in  the 
spectrum  at  2880  cm'^  and  2960  cm"^  are  similarly  related  to  the  symmetric  and 
as)nnmetric  stretching  vibrations  of  sp^  bonded  CH3  groups.  These  absorptions 
have  been  identified  previously  in  CVD  diamond  as  well,®"^^  and  also 
demonstrate  unequal  absorption  intensities.  In  addition,  there  is  an  absorption  at 
~  3025  cm"^  in  the  second  spectrum  which  is  related  to  sp2  bonded  CH  groups 
and  is  not  observed  in  CVD  diamond  which  demonstrates  high  optical 
transmission  and/or  high  thermal  conductivity. 

Two  other  absorptions  have  also  been  observed  in  CVD  diamond,  both 
here  and  in  earlier  studies,  but  their  origin  has  remained  unidentified.®"^^  These 
absorptions  appear  at  frequencies  below  those  normally  observed  for  CH 
stretching  vibrations  in  alkanes  and  amorphous  carbon  and  are  present  to  some 
extent  in  all  of  the  samples  studied  here.  They  have  been  observed  in  films 
produced  by  microwave,  hot-filament,  and  DC  arc-jet  deposition.  One 
possibility  which  has  been  suggested,  relates  the  peak  at  2820  cm"^  to  the 


hydrogen  terminated  <11 1>  surface  of  diamond.^ ^  Here,  we  suggest  that  the 
absorptions  at  2820  cm'^  and  2833  cm"l  can  be  attributed  to  nitrogen  and  oxygen 
related  defects.  They  are  the  CH  stretch  vibrations  of  the  carbon-hydrogen  bond 
in  an  N-CH3  and  O-CH3  group,  respectively.  Observation  of  these  groups  is 
well  documented  in  the  organic  chemistry  literature  and  is  considered  positive 
identification  of  such  a  group,  as  no  other  characteristic  CH-stretch  absorptions 
appear  at  such  low  frequencies.^^^5  Table  II  summarizes  the  CH  stretch 
absorptions  of  all  16  films  studied.  Although  areas  for  individual  peaks  are 
given,  they  are  not  intended  to  be  quantitative.  Even  with  the  peak  linewidths 
and  central  frequencies  specified,  the  large  number  of  remaining  adjustable 
parameters  and  poor  resolution  of  some  spectral  features  leads  to  large 
uncertainties  in  the  area  of  specific  peaks.  It  is  important  to  note,  however,  that 
some  features  of  the  spectra,  specifically  the  relatively  narrow  peaks  at  2820  cm"^ 
and  2833  cm"^,  are  well  resolved  in  all  cases  and  show  remarkable  consistency  in 
peak  position. 

The  presence  of  oxygen  and  nitrogen  is  important  in  CVD  diamond 
because  these  impurities  are  known  to  cause  absorptions  in  the  8-12  pm 
wavelength  region,  where  transparency  is  critical  for  many  applications. 
Additional  evidence  of  both  oxygen  and  nitrogen  incorporation  in  the  films  can 
be  obtained  on  examination  of  this  normally  symmetry-disallowed  one-phonon 
region.  An  expansion  of  the  IR  spectra  shown  in  Figure  2,  between  900  cm’^  and 
1800  cm“^,  is  shown  in  Figure  4.  There  are  a  number  of  absorptions  present, 
many  of  which  can  be  related  to  oxygen  and  nitrogen  containing  groups, 
including  O-CH3  and  N-CH3  specifically.  These  identifications  are  found  in 
Table  111.^4-16  in  addition  to  the  O-CH3  and  N-CH3  groups,  oxygen  and 
nitrogen  can  be  present  in  other  forms,  as  well.  For  example,  absorptions  at  1130 


and  1350  cm‘^  may  be  related  to  substitutional  nitrogen  defects^^^  and  the  peaks 
at  1740, 2700  and  2730  an"^  (see  Figure  2)  are  suggestive  of  aldehyde  groups.^  6 
The  presence  of  substitutional  nitrogen  in  the  film  discussed  above  was  also 
confirmed  by  photoluminescence.  Finally,  XPS  combined  with  sputtering  was 
used  to  confirm  the  presence  of  both  oxygen  and  nitrogen  in  several  films, 
produced  over  the  full  range  of  process  conditions,  at  depths  of  up  to  750  A. 
Evidence  of  carbon-oxygen  bonding  was  observed  in  the  Ols  XPS  spectra  of  all 
films,  and  evidence  of  C=0  was  observed  in  for  several  of  those  films 
demonstrating  the  three  characteristic  aldehyde  peaks. 


As  mentioned  above,  evidence  of  N-CH3  and  O-CH3  groups  has  been 
observed  in  the  IR  spectra  of  diamonds  produced  by  a  variety  of  techniques, 
including  microwave,  hot-filament,  and  DC-arc  jet  CVD,  and  in  processes  which 
intentionally  added  oxygen  as  well  as  those  that  did  not.®"^^  This  indicates  that 
air  leaks  in  diamond  CVD  reactors  are  sufficient  to  cause  incorporation  of  both 
nitrogen  and  oxygen  to  levels  which  are  detectable  in  the  IR  and  cause  optical 
absorptions  in  regions  of  commercial  interest.  This  has  important  implications 
for  the  design  of  diamond  growth  systems,  which  are  not  generally  of  ultra-high 
vacuum  quality  at  the  present  time.  In  addition,  there  are  serious  implications 
for  the  production  of  high  optical  quality  CVD  diamond  in  processes  which 
require  oxygen  addition. 

Additional  information  about  the  bonding  environment  of  hydrogen  in 
CVD  diamond  can  be  obtained  from  the  IR  data  when  combined  with 
information  obtained  from  solid-state  NMR  spectroscopy.  This  technique  allows 
us  to  quantify  the  amount  of  hydrogen  in  all  bonding  configurations  in  the 


sample.  Figure  5  shows  the  NMR  spectrum  of  a  typical  diamond  film.  The 
spectra  contains  two  components,  a  broad  Gaussian  and  a  narrow  Lorentzian. 
The  integrated  area  under  the  two  peaks  is  directly  proportional  to  the  number  of 
hydrogen  nuclei  in  the  sample.  By  comparison  of  the  total  signal  intensity  with 
that  of  a  known  standard,  we  can  obtain  quantitative  hydrogen  contents  for  the 
diamond  films.  These  contents  are  listed  in  Table  II. 

The  Lorentzian  component  makes  up  a  relatively  small  fraction  of  the  total 
NMR  signal.  This  component  has  a  narrow  lineshape  at  298  K  which  broadens 
significantly  as  the  temperature  is  reduced  to  100  K.  Thus  a  small  fraction  of  the 
hydrogen  is  mobile  at  room  temperature.  Hole  burning  studies  indicate  that  the 
hydrogen  related  to  the  Lorentzian  and  Gaussian  components  are  strongly  dipole 
coupled,  corresponding  to  a  proton-proton  separation  of  <  6A.  The  mobile 
hydrogen  could  arise  from  a  small  molecule  trapped  at  a  void  or  grain  boundary 
or  from  a  mobile  group  attached  to  the  surface.  While  trapped  H2  has  been 
identified  in  amorphous  silicon,  its  motion  would  not  be  expected  to  cease  at  or 
above  100  K,  making  its  presence  in  polycrystalline  diamond  unlikely. 
However,  mobile  surface  species  such  as  methyl  groups  must  also  be  considered. 
The  IR  spectroscopy  results  discussed  above  suggest  that  a  number  of  types  of 
surface  methyl  groups:  CH3,  O-CH3,  and  N-CH3.  The  CH3  group  bonded 
directly  to  a  diamond  surface  can  rotate  only  about  its  C3  axis,  which  would 
allow  insufficient  motion  to  account  for  the  narrowness  typically  observed  in  the 
Lorentzian  component.  However,  methyl  groups  found  at  steps  and  growth 
ledges  and  those  attached  to  heteroatom  would  have  additional  motional  degrees 
of  freedom  and  may  account  for  the  narrow  Lorentzian  lineshape.  This  is  not 
unreasonable  since  such  groups  generally  make  up  a  very  small  fraction  (~  1%), 
as  does  the  Lorentzian  component,  of  the  hydrogen  found  in  these  samples. 


The  majority  of  the  hydrogen  in  these  samples  contributes  to  the  signal  of 
the  Gaussian  component  of  the  NMR  lineshape.  This  component  is  related  to 
static  closely  spaced  hydrogen  with  an  average  interproton  spacing  of  ~  2  A. 
This  value  is  calculated  from  the  van  Vleck  equation  which  relates  the 
experimentally  observed  full-width  at  half-maximum  (FWHM)  of  a  Gaussian 
lineshape  to  the  interproton  spacing.^®  A  simplified  version  of  that  equation  is: 

FWHMg  =189.6(1  rij-6)l/2  A®  kHz  (3) 

The  calculated  interproton  spacing  is  significantly  smaller  than  would  be 
observed  if  static  hydrogen  atoms  were  uniformly  distributed  throughout  the 
bulk,  indicating  instead  regions  of  high  local  density.  In  addition,  the  presence  of 
a  dense,  two-dimensional  hydrogen  phase  in  CVD  diamond  was  been  confirmed 
by  multiple  quantum  NMR  in  an  earlier  study.^^  Both  results  are  consistent  with 
the  interpretation  of  hydrogen  terminated  grain  boundaries. 

The  correlation  of  the  total  hydrogen  content  with  the  normalized 
integrated  intensity  in  the  CH  stretch  region  of  the  IR  spectra  indicates  that  most 
of  the  hydrogen  found  in  these  diamond  films  is  covalently  bonded  to  carbon.  A 
plot  of  the  normalized  CH  stretch  area  as  a  function  of  hydrogen  content  is 
shown  in  Figure  6.  There  is  a  linear  relationship  between  the  two  for  films  with 
hydrogen  contents  below  0.2  atomic  %.  This  is  consistent  with  earlier  results, 
which  examined  films  with  hydrogen  contents  of  0.1  atomic  %  or  lower.®  At 
hydrogen  contents  above  0.2  atomic  %,  this  linear  correlation  no  longer  holds. 
Figure  6  suggests  a  different  slope  for  these  high  hydrogen  content  films, 
however,  there  is  insufficient  data  to  draw  conclusions  about  functionality.  This 
type  of  behavior  may  be  indicative  of  a  different  hydrogen  containing  phase. 


present  at  higher  hydrogen  contents,  which  exhibits  a  different  absorption 
coefndent  from  that  found  in  films  with  lower  hydrogen  concentrations. 

It  is  reasonable,  then,  to  ask  if  the  measured  hydrogen  contents  are 
consistent  with  grain  boundary  coverage.  Figure  7  shows  SEM's  of  two  of  the 
films  discussed  in  this  work.  It  demonstrates  the  large  disparity  in  grain  size 
between  and  among  individual  films,  as  well  as  the  difficulty  in  obtaining 
accurate  grain  size  estimates  for  some  of  the  materials.  Variations  in  grain  size  as 
a  function  of  film  thickness  interfere  with  the  accurate  estimate  of  grain 
boundary  area,  as  well.^O  If  we  assume,  for  the  sake  of  argument,  that  the  grain 
sizes  vary  between  0.5  and  100  jim  with  a  surface  coverage  of  3  xlO^^  H/cm^ 
(which  is  within  the  range  of  values  for  various  crystal  planes  of  diamond),  the 
highest  hydrogen  content  which  can  be  accounted  for  by  grain  boundary 
coverage  (that  is,  a  film  with  an  average  crystal  size  of  0.5  ^m)  is  ~  0.2  atomic  %. 
However,  values  as  high  as  0.5  atomic  %  have  been  observed  in  this  work, 
indicating  that  some  other  form  of  hydrogen  may  exist. 

It  is  interesting  that  the  correlation  between  total  hydrogen  content  and 
the  absorption  in  the  CH  stretch  region  of  the  IR  spectrum  may  indicate  a  change 
in  absorption  characteristics  at  0.2  atomic  %  as  well.  This  would  support  the 
model  of  hydrogen  terminated  grain  boundaries  in  diamond  films  with  low 
hydrogen  content,  while  suggesting  the  presence  a  different  hydrogen 
environment  or  combination  of  environments  in  films  with  hydrogen  contents 
greater  than  0.2  atomic  %.  Since  each  of  these  high  hydrogen  content  films  show 
evidence  of  sp^  bonded  carbon  in  both  the  IR  and  Raman  spectra,  the  presence  of 
a  different  phase  of  hydrogen  is  not  unreasonable. 


Conclusions 


Infrared  spectroscopy  has  been  used  to  identify  defects  giving  rise  to 
optical  absorptions  in  CVD  diamond.  These  results  have  demonstrated  the 
incorporation  of  hydrogen,  nitrogen,  and  oxygen  in  CVD  diamond  films,  each 
having  some  effect  on  the  optical  absorption  in  regions  of  commercial  interest. 
This  has  important  implications  for  processes  which  require  oxygen  addition  to 
the  growth  environment  as  well  as  for  the  design  of  CVD  diamond  systems,  since 
small  air  leaks  are  sufficient  to  cause  observable  oxygen  and  nitrogen 
incorporation.  Absorptions  due  to  nitrogen  and  oxygen  groups  which  have  not 
been  previously  understood  in  CVD  diamond  have  been  identified.  In  films 
which  show  some  sp2  bonding  and  high  hydrogen  incorporation,  evidence 
indicates  that  a  different  form  of  hydrogen,  other  than  that  found  terminating  the 
diamond  surface  at  the  grain  boundaries,  may  be  present. 
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Figure  Captions 


Figure  1.  Infrared  transmission  spectrum  of  a  CVD  diamond  film  demonstrating 
high  optical  transparency.  Spectrum  of  natural  diamond  shown  for  comparison. 

Figure  2.  IR  absorbtion  spectrum  of  a  CVD  diamond  film  demonstrating 
significant  absorbtions  in  the  one,  two,  and  three  phonon  regions.  The  y-axis  is 
absorbance  in  arbitrary  units. 

Figure  3.  Least-squares  fit  of  characteristic  peaks  in  the  CH-stretch  region  of  the 
IR  spectra  for  two  CVD  diamond  films,  a)  No  sp^  related  absorbtions.  b) 
Absorbtions  related  to  sp^  carbon.  The  y-axis  is  absorbance  in  arbitrary  units. 

Figure  4.  Absorbtion  in  the  one-phonon  region  of  the  IR  spectrum  of  a  typical 
CVD  diamond  sample.  The  y-axis  is  absorbance  in  arbitrary  units. 

Figure  5.  Solid-state  hydrogen  NMR  spectrum  of  a  tj^pical  CVD  diamond  film, 
demonstrating  characteristic  Lorentzian  and  Gaussian  lineshapes. 

Figure  6.  Correlation  of  the  normalized  absorbtion  in  the  CH-stretch  region  of 
the  RI  spectra  with  the  total  hydrogen  content,  as  measured  by  NMR,  for  16  CVD 
diamond  samples. 

Figure  7.  Scanning  electron  micro  graphs  (SEM)  of  two  CVD  diamond  films 
demonstrating  the  variations  in  grain  size  between  films  and  within  individual 
samples. 


Table  I.  Characteristic  CH  Stretching  Vibration  Frequencies 


2850 

2880 

2920 

2960 

2980 

3025 

3080 


Characteristic  Groui 


S)an.  sp3-CH2 
sym.  sp3-  CH3 
asym.  sp3-CH2 
asym.  sp^-CHs 
sym.  sp2-CH2 
sp2-CH 
asym.  sp2-CH2 


Table  11.  Areas  of  IR  Absorptions  Observed  in  the  CH  Stretch  Region  and 
Hydrogen  Contents 


Frequency:  2820  2833  2850  2880  2920  2960  3025  H-content 


(cm’l) 

Sample: 

1 

8.1 

Relative  Percentage  of  CH  Stretch  Area  (%) 

3.2  21.9  24.5  26.9  15.4 

0.045 

2 

9.3 

6.5 

16.7 

21.1 

28.9 

12.8 

4.7 

0..320 

3* 

5.5 

1.8 

42.1 

— 

38.4 

12.2 

— 

0.490 

4 

7.0 

0.7 

33.6 

9.1 

31.6 

18.0 

— 

0.085 

5 

13.2 

0.5 

24.2 

16.2 

29.7 

16.2 

— 

N/D 

6* 

17.7 

0.8 

27.4 

18.4 

17.9 

17.8 

— 

0.027 

7* 

10.3 

2.7 

33.0 

2.9 

37.5 

13.6 

0.180 

8 

14.3 

1.9 

18.8 

16.7 

26.4 

18.3 

3.6 

0.043 

9 

16.5 

0.5 

20.1 

14.6 

26.1 

19.0 

3.2 

0.020 

10 

16.2 

1.0 

17.0 

19.0 

24.3 

19.4 

* - 

0.045 

11* 

10.4 

0.8 

23.0 

21.5 

23.8 

17.2 

3.1 

0.092 

12 

9.9 

1.8 

20.0 

20.3 

27.1 

17.3 

3.3 

0.150 

13 

18.0 

1.0 

12.1 

21.6 

26.4 

20.9 

— 

0.039 

14* 

16.3 

0.3 

25.4 

14.7 

22.3 

17.6 

3.4 

0.085 

15* 

14.4 

1.9 

9.6 

26.3 

21.1 

26.7 

— 

0.027 

16* 

14,7 

0.3 

20.5 

22.2 

18.7 

20.6 

3.0 

0.016 

•Indicates  that  these  samples  also  show  peaks  at  ~  2700  cm‘^  and/or  2730  cm'^. 
N/D  indicates  no  data  available. 


Table  HI.  IR  Absorptions  Observed  Below  1800  cm*^ 


Frequency 

Functional  Group 

1740 

C=0,  stretch 

1610 

C=C,  stretch,  isolated 

150(rs 

C=C,  aromatic  stretch 

1450 

O-CH3,  N-CH3^  deformation 
sp3-CH2,  scissor 

1375 

N-CH3,  scissor 
sp3-CH3,  deformation 

1350 

substitutional  N 

1332 

disallowed  one-phonon  mode 

1250 

C-N 

nitrogen-vacancy  pair 

1220 

C-N,  stretch 

1130-1150 

0-CH3,N-CH3,rock 
substitutional  N 

1030 

O-CH3,  deformation 

1.00' 


Two- 


fig- 2- 


wavenumbers  (cm-1) 


Spectral  Intensity  (arbitrary  units) 


V 


oyo  u  u  C' 


